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Abstract

The fibroblast growth factor (FGF) family is composed of 18 secreted signaling proteins
consisting of canonical FGFs and endocrine FGFs that activate four receptor tyrosine kinases
(FGFRs 1-4) and four intracellular proteins (intracellular FGFs or iFGFs) that primarily function
to regulate the activity of voltage-gated sodium channels and other molecules. The canonical
FGFs, endocrine FGFs, and iFGFs have been reviewed extensively by us and others. In this review,
we briefly summarize past reviews and then focus on new developments in the FGF field since our
last review in 2015. Some of the highlights in the past 6 years include the use of optogenetic tools,
viral vectors, and inducible transgenes to experimentally modulate FGF signaling, the clinical

use of small molecule FGFR inhibitors, an expanded understanding of endocrine FGF signaling,
functions for FGF signaling in stem cell pluripotency and differentiation, roles for FGF signaling
in tissue homeostasis and regeneration, a continuing elaboration of mechanisms of FGF signaling
in development, and an expanding appreciation of roles for FGF signaling in neuropsychiatric
diseases.
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1| INTRODUCTION

A proteinaceous “fibroblast growth factor” (FGF) activity was first identified nearly 50
years ago by Armelin (1973) and Gospodarowicz (1975). The purification of different FGF
proteins, the identification of FGF receptors (FGFRs), and the cloning and identification

of the whole mammalian FGF-FGFR family has been reviewed by us and others (Gong,
2014; Itoh et al., 2015; X. Li, Wang, Xiao, et al., 2016; Maddaluno et al., 2017; Ornitz

& Itoh, 2015; Pablo & Pitt, 2016; Turner & Grose, 2010; Xie, Su, et al., 2020). Four
mammalian FGFRs have been identified and key alternative splicing events result in seven
functionally distinct receptors, FGFRs 1b, 1c, 2b, 2c, 3b, 3c, and 4, with distinct ligand
binding properties (Figure 1a,b). Tissue-specific splicing of b and ¢ exons and tissue-specific
expression of FGF ligands allows for specific epithelial to mesenchymal and mesenchymal
to epithelial signaling in many organs. The alternative use of b versus ¢ exons is regulated
by the epithelial splicing-regulatory protein 1 (ESRP1), which is required for expression

of FGFR2b (Bowler & Oltean, 2019; Gong, 2014; Ishiwata, 2018; Ornitz & Itoh, 2015).
Additionally, there are several less common splicing events, such as exclusion of the linker
region between Ig-like domain I and Il, which contains a cluster of acidic residues, or
complete elimination of Ig-like domain | and the I-II linker region (Bowler & Oltean, 2019).
These splicing events are thought to affect the autoregulatory properties of the FGF receptor
(Gong, 2014).

Sequence homology and biological activity classify the 22 members of the FGF family into
three functional groups and seven subfamilies (Figure 1a). The biochemical characteristics
of the FGF subfamilies, their specificity for different FGFRs and other molecules, and
their co-factor dependence are diagramed in Figure 1a and have been reviewed extensively
(Brewer et al., 2016; Edmonston & Wolf, 2020; Gong, 2014; Ho & Bergwitz, 2021; Itoh

et al., 2015; Kliewer & Mangelsdorf, 2019; X. Li, Wang, Xiao, et al., 2016; Ornitz & Itoh,
2015; Pablo & Pitt, 2016; Takashi & Fukumoto, 2020b; Xie, Su, et al., 2020).

The canonical or locally acting secreted FGFs include the FGF1, 4, 7, 8, and 9 subfamilies.
These FGFs use heparan sulfate (HS) as a co-factor for binding to FGFRs. The endocrine
FGFs are in the FGF15/19 subfamily, they have a reduced affinity for HS, and they require
either aKlotho (KL) or BKlotho (KLB) as a cofactor for receptor binding (Kuro-o, 2019).
The intracellular FGFs (iFGFs) are in the FGF11 subfamily and interact with and regulate
voltage-gated sodium channels and other proteins. New evidence suggests that under some
conditions iFGFs may also be able to activate FGFRs (H. Lin et al., 2019; Sochacka et al.,
2020).

Here, we focus on several areas of FGF research that have seen a significant advance since
2015 and several emerging areas of FGF research and emerging clinical applications of
FGF research in genetic and metabolic disease, wound healing and tissue repair, cancer, and
neurological diseases.
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2| REGULATION OF FGFR SIGNAL TRANSDUCTION BY
EXTRACELLULAR AND INTEGRAL MEMBRANE FACTORS

Canonical FGFs bind to the extracellular domain of FGFRs (Figure 1c) leading to
conformational changes in receptor dimers that activate the receptor’s intracellular tyrosine
kinase domain (ICD). The specificity of binding is determined by conserved and unique
structures of the ligands and their interaction with alternatively spliced variants of FGFRs.
The specificity and affinity of FGFRs for FGF ligands are further enhanced by heparan
sulfate polysaccharides which directly interact with both ligands and receptors and by
other integral membrane, cell surface, and extracellular proteins and other extracellular
molecules. Intracellular signaling requires transphosphorylation of FGFR tyrosine kinase
domains, phosphorylation/dephosphorylation of the FGFR by other kinases/phosphatases,
and regulated activation/inactivation of adaptor proteins that interact with and are
phosphorylated by the FGFR tyrosine kinase (Ornitz & Itoh, 2015; Turner & Grose, 2010;
Xie, Su, et al., 2020).

2.1| Regulation of FGF1 and FGF2 secretion

FGF1 and FGF2 are potent mitogenic and angiogenic factors but they lack secretory
signal peptides and are secreted using noncanonical mechanisms. Despite the abundance
of extracellular FGF1 and FGF2, most adult tissues are not actively growing, suggesting
that the reason for noncanonical secretion may involve sequestration of these FGFs in a
specialized and protected extracellular environment that allows for rapid mobilization and
activation in response to stress or injury. Experimentally, if a secretory signal peptide is
added to the N-terminus of FGF1 or FGF2 to circumvent noncanonical secretion, they are
transformed from stress and injury response proteins to angiogenic and oncogenic proteins
(Forough et al., 1993; Rogelj et al., 1988).

FGF2 is released from cells through an unconventional mechanism involving direct
translocation across the plasma membrane as a fully folded protein (Figure 2a). The

FGF2 secretory process involves localization to the inner leaflet of the plasma membrane
through interaction with the catalytic a1 subunit of the Na,K-ATPase (ATP1A1l) and

with phosphoinositide P1(4,5)P, (Legrand et al., 2020; Steringer et al., 2017; Zacherl et
al., 2015). The cardenolides, ouabain and reevesioside, bind ATP1A1 and increase the
secretion of FGF2 (G. H. Zhao, Qiu, et al., 2020). Two surface cysteines in FGF2 form
disulfide bridges that drive oligomerization and P1(4,5)P,-mediated membrane insertion of
the tethered protein on the inner leaflet of the plasma membrane (Muller et al., 2015). FGF2
oligomers forms pores in the plasma membrane which are facilitated by phosphorylation
of FGF2 by TEC protein tyrosine kinase. Released FGF2 is then trapped by cell surface
membrane-proximal heparan sulfate proteoglycans (La Venuta et al., 2015; Steringer et al.,
2015).

2.2 | Regulation by ligand oligomerization

FGF9 subfamily members (FGF9, FGF16, and FGF20) undergo a reversible
homodimerization which regulates their affinity for HS, diffusion, and activity (Figure 2b)
(Goetz & Mohammadi, 2013; Harada et al., 2009; Kalinina et al., 2009). A mutation in Fgr9

WIREs Mech Dis. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ornitz and Itoh

Page 4

in mice causing Elbow knee synostosis (Eks, FGF9 p.N143T) prevents homodimerization
and lowers the affinity of monomers for HS (Harada et al., 2009). When this mutation

is bred to homozygosity, increased width of long bones is observed at birth (Harada &
Akita, 2020). In human, the FGF9 p.S99N mutation causes multiple synostosis syndrome
3 (SYNS3). This mutation does not affect dimerization but does decrease affinity for

HS and impair receptor binding and activation. A mouse model containing the p.S99N
mutation has similar phenotypes to SYNS3 patients (Tang et al., 2017; Wu et al., 2009).
A second mutation in humans, FGF9 p.R62G causes both craniosynostosis and multiple
synostosis. This mutation impaired dimerization and prevented binding and activation of
FGFR3 (Rodriguez-Zabala et al., 2017). A third mutation in FGF9 p.P189R impairs FGF9
homodimerization, but not FGFR3c binding (Thuresson et al., 2021).

Structural studies show that deletion of the FGF9 N-terminus or mutation in the C-terminus
disrupts FGF9 dimerization and allows binding to inappropriate “b” splice variants of
FGFR2 (Liu et al., 2017). Engineered mutants in FGF9 or FGF20 with reduced dimerization
exhibited reduced heparin binding, an increased radius of heparan sulfate-dependent
diffusion, and a net increased biologic activity (Kalinina et al., 2009).

Engineered covalently linked FGF2 dimers showed increased stability and biological activity
and reduced dependence on heparin (Nawrocka et al., 2020). Multivalent conjugates of
FGF2 to hyaluronic acid polymer chains showed enhanced bioactivity in assays of cell
proliferation and migration (Zbinden et al., 2018).

2.3 | Regulation by proteolytic processing

FGFRs 1-4 are proteolytically processed by the ADAM (a disintegrin and
metalloproteinase) metalloproteases, ADAM10 and ADAML17, to release an extracellular
soluble receptor (Figure 2c). Soluble FGFR extracellular domains can function as ligand
traps that bind and sequester FGFs and inhibit FGF signaling. Constitutive shedding,
phorbolester-induced (activates protein kinase C), and ionomycin-induced (stimulates
calcium influx) processing of FGFRs 1, 3, and 4 are mediated by ADAM17. FGFR2
processing is mediated by ADAM10 when activated by calcium influx (Dixit et al., 2021;
Hanneken et al., 2021).

The endocrine FGF ligands, FGF21 and FGF23, are proteolytically processed as a means of
rapid inactivation. FGF21 and FGF23 are cleaved by the enzyme FAP (fibroblast activation
protein) and proprotein convertases, respectively (discussed later) (Al Rifai et al., 2021;
Dunshee et al., 2016).

2.4 | Regulation of FGFR internalization

FGFR internalization (endocytosis) is critical for proper signaling and is mediated

by clathrin-dependent and clathrin-independent mechanisms, the spatial distribution of
the receptor in the plasma membrane, and ligand binding, dimerization, and trans-
autophosphorylation of the receptors (Szybowska et al., 2021).

Engineered anti-FGFR1 antibodies of different valency, were used to show that dimerization
of FGFR1 with a bivalent antibody triggers clathrin-mediated endocytosis and that
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clustering of FGFRL into larger oligomers with a tetravalent antibody increased efficient
FGFR1 uptake through both clathrin-mediated and dynamin-dependent clathrin-independent
endocytosis. Furthermore, FGFR1 internalization did not require receptor activation
(Pozniak et al., 2020). Engineered anti-FGFR1 antibodies with high affinity to a specific
epitope show faster internalization kinetics compared to antibodies with lower affinity to the
same epitope (Opalinski et al., 2018).

Lectin family members, Galectin-1 (LGALS1) and Galectin-3 (LGALS3), were found to
directly bind to the sugar chains of N-glycosylated FGFR1. Galectin-1 mimics FGF1 and
efficiently activates FGFR1 and downstream signaling pathways. In contrast, galectin-3
binds with higher affinity and induces clustering of FGFR1 on the cell surface that inhibits
constitutive receptor internalization (Kucinska et al., 2019).

Desulfation at the 2-O position of HS led to increased FGFRL1 signaling and premature

cell senescence (Jung et al., 2016). Similarly, depletion of the HSPG syndecan-1 (SDC1),

or its level of sulfation, decreased FGFR1 internalization, and increased responsiveness to
prolonged activation by FGF2, also leading to increased cellular senescence (Kang et al.,
2020). Thus, the level of HS sulfation may prevent cell senescence through the regulation of
FGFR1 endocytosis.

Biophysical analysis of the FGFR3 mutation (p.G380R) that causes Achondroplasia shows
that a primary effect of this activating mutation is to increase receptor dimerization in the
absence of ligand (Sarabipour & Hristova, 2016a). However, FGFR3 (p.G380R) also shows
an enhanced response to FGF ligands (Ornitz & Legeai-Mallet, 2017).

FGFR1 and FGFR4 were shown to use clathrin-mediated endocytosis for internalization,
while FGFR3 was internalized by both clathrin-dependent and clathrin-independent
mechanisms. Depletion of clathrin heavy chain led to accumulation of FGFR1 and FGFR4 at
the cell surface. For FGFR1, this led to increased levels of phospho-FGFR1, phospho-FRS2,
and phospho-MAPK. For FGFR4, this led to increased levels of phospho-FGFR4 and PLCyy,
but decreased phospho-AKT and phospho-ERK1/2 (Haugsten et al., 2011, 2016). These
studies suggest that internalization and signaling are receptor-specific but also might be
affected by the host cell type.

2.5| Regulation by heparan sulfate proteoglycans

Heparan sulfate (HS), in the form of heparan sulfate proteoglycans (HSPG), regulates the
diffusion of FGFs through the extracellular matrix (ECM) and the binding of FGFs to
FGFRs (Bernfield et al., 1999; Hassan et al., 2021; Lian et al., 2020; Xie & Li, 2019; Xu
& Esko, 2014). HS was also the first identified co-factor to regulate FGF-FGFR binding
(Rapraeger et al., 1991; Yayon et al., 1991). HS interacts with both FGFs and FGFRs to
cooperatively increase the affinity of an FGF-FGFR dimer by binding to a cleft formed
between the HS binding sites on FGFs and the N-terminal region of immunoglobulin-like
domain 2 in FGFRs (Figure 1c, 3). This interaction leads to a conformational change,
stabilization, and activation of an FGFR dimer (Goetz & Mohammadi, 2013; Ornitz & Itoh,
2015). Perlecan (Hspg2) is a large HSPG that is a key component of basement membranes
and connective tissue pericellular matrix. Mice containing mutant Hspg2 that lacks exon 3
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containing the HS attachment sites (Hspg22%23) show reduced pulmonary artery smooth
muscle cell proliferation, pulmonary vascular muscularization, and right ventricular pressure
in response to hypoxia (Chang et al., 2015). Hspg22*¥23 mice are also protected from
induced osteoarthritis (discussed later) (C. C. Shu, Jackson, et al., 2016). These phenotypes
may be a consequence of reduced FGF2-FGFR1 signaling.

Some HSPGs may have additional FGF-related activities that are independent of mediating
FGF-FGFR binding. An example is Syndecan-4 (SDC4), which has an intracellular domain
that interacts with various cytoplasmic adaptor proteins and the signaling molecule protein
kinase Ca (PRKCA). Deletion of the SDC4 cytoplasmic tail abolishes FGF signaling even
though extracellular HS levels are not altered (Murakami et al., 2008).

Exostosins (EXT1, EXT2, EXTL1, EXTL2, and EXTL3) are glycosyltransferase genes
that control HS biosynthesis. The expression levels and activity of exostosin regulate the
amount and chain length of HS (Busse-Wicher et al., 2014). A role for HS in promoting
FGF1 signaling was demonstrated in mice that conditionally lack one copy of Ex¢1 in
adipocytes. Adipocytes in these mice had reduced expression of PPARy and reduced bone
morphogenetic protein 4 (BMP4) and FGF1 signaling, smaller lipid droplets, and reduced
levels of enzymes involved in lipid synthesis (Matsuzawa et al., 2021). The requirement
for HS for cellular functions was demonstrated in zebrafish by mutations in ext2and ext/3
which resulted in loss of cell polarity and a failure of collective cell migration of the lateral
line primordium. This defect was attributed to enhanced FGF diffusion and decreased FGF
signaling leading to ectopic activation of Wingless/Intl (Wnt)/p-catenin signaling (Venero
Galanternik et al., 2015). EXTL2 differs from other EXTs in that it functions to limit the
number of HS chains. In cultured cells, loss of EXTL?2 increased the number of HS chains,
increased FGF2 endocytosis, and reduced FGF2 signaling (Nadanaka & Kitagawa, 2018).

The affinity of HS for FGFs is specified by the pattern and level of sulfation of the

HS chains (Barbosa et al., 2021; Hassan et al., 2021; Xu & Esko, 2014). Several

recent studies have probed the mechanism of HS regulation of FGF signaling by
manipulating HS modifying enzymes or identifying functional domains of the HS chain.
The N-acetylglucosamine N-deacetylase/ N-sulfotransferases (NDSTSs) add a sulfate group
at position 2 of A-acetylglucosamine (2-VHS sulfation) in the HS chain. This is the first
sulfation step during the synthesis of HS. Developmental heart defects were observed in
mice bearing a targeted disruption of NDST1. These defects closely resembled cardiac
anomalies observed in mice with hypomorphic mutations in the cardiogenic regulator FGF8
(Abu-Issa et al., 2002; Frank et al., 2002; Pan et al., 2014). The HS sulfotransferases,
HS2ST and HS6ST1, which add a sulfate group at position 2 of uronic acid (2-O HS
sulfation) or position 6 of A-sulfated glucosamine (6-O HS sulfation), respectively, were
shown to differentially modulate the properties of emerging FGF8 protein concentration
gradients and FGF-FGFR-regulated MAPK signaling (Chan et al., 2017). Overexpression
of HS6ST2 enhanced the effects of FGF2 on chondrocyte growth, while knockdown of
HS6ST2 reduced FGF2 activity (W. Wang, Ju, et al., 2015). The sulfation level of HS

was shown to be dynamically regulated during muscle differentiation and to regulate the
response of muscle satellite cells (muscle stem cells) to FGF2 (Ghadiali et al., 2017).
Synthetic HS oligosaccharides with defined structures demonstrated differential regulation
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of the specificity and activity of FGF1-FGFR1c and FGF2-FGFR1c ligand-receptor pairs
(Schultz et al., 2017). Similarly, a library of HS tetrasaccharides with different levels

and patterns of sulfation identified molecules with different binding properties for FGF2
(Zong et al., 2017). Interestingly, the binding preferences of FGFs for a library of HS-like
molecules showed that the selectivity for binding structures in sulfated polysaccharides and
the pattern of secondary binding sites on the surface of FGFs follows the phylogenetic
relationship of the FGFs, suggesting that evolutionary selective pressures lead to expansion
of the FGF family (. Li, Sun, Yates, et al., 2016).

The surface of vascular endothelial cells (ECs) is covered by a HS-rich layer of
glycosaminoglycans and associated proteoglycans called the endothelial glycocalyx. The
endothelial glycocalyx is essential for vascular homeostasis and is degraded in vascular
disease. After vascular injury, levels of ExtZ and FgfrI in the lung were increased. Mice
lacking EC Fgfr1/2had reduced expression of E£xtZ and impaired recovery of the endothelial
glycocalyx in pulmonary ECs (Y. Yang, Haeger, et al., 2017). In ECs, it was found that
FGF2 binding kinetics were altered in flow adapted cells due to changes in the quantity,
availability, and binding kinetics, to cell surface HSPGs (Garcia et al., 2019). HS fragments
released from mouse lungs treated with heparinase-I11 bind FGF2 and increase its biological
activity (. Yang, Haeger, et al., 2017).

2.6 | Regulation by FGF and FGFR interacting peptides and proteins

Classical mechanisms by which canonical and endocrine FGFs activate FGFRs use HS and
a/p Klotho, respectively, as co-factors for receptor binding. In addition to HS and Klotho
proteins, an increasing number of other molecules have been identified that interact with
and exert biological effects on and through FGFs and FGFRs (Figure 3). These molecules
have been referred to as noncanonical ligands or co-receptors, and include FGF binding
proteins (FGFBPs), integrins, thrombospondin, neural cell adhesion molecule (NCAM1), L1
cell adhesion molecule (L1CAM), N-cadherin (CDH2), anosminl (ANOSLY), fibronectin
leucine-rich transmembrane proteins (FLRT1-3), G-protein-coupled receptors (GPCRS),
Latent TGFp binding protein 2 (LTBP2), and other receptor tyrosine kinases (RTKSs) (Di
Liberto et al., 2017; Latko et al., 2019; Margosio et al., 2008; Menz et al., 2015; Polanska et
al., 2009; Shin et al., 2019; Sideek et al., 2016; Taraboletti et al., 1997). Inorganic phosphate
(Pi) has also been shown to directly activate FGFR1 signaling (Takashi et al., 2019).

2.6.1| Klotho proteins (KL, KLB, and LCTL)—The Klotho proteins, aKlotho (KL),
BKlotho (KLB), and yKlotho (Lactase-like, LCTL or Klotho-LPH related, KLPH, KLG)
are essential cofactors for high-affinity binding of endocrine FGFs to FGFRs (Figure 1a)
(Potthoff et al., 2012). Klotho proteins may additionally suppress canonical FGF signaling
through interference with their receptor binding (Goetz et al., 2012). aKlotho and pKlotho
have been shown to function as a tumor suppressor through interference with FGF, IGF1,
and Wnt/pB-Catenin signaling (Wolf et al., 2008).

aKlotho is a single-pass transmembrane protein that is primarily expressed in distal tubule
epithelial cells of the kidney. aKlotho specifically interacts with FGF23 to form a signaling
complex with FGFR1c or FGFR4 (Figure 3). In addition to the full-length form of aKlotho,
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two short forms of aKlotho have been detected in mice and humans (Xu & Sun, 2015).
Proteolytic cleavage of full-length aKlotho leads to shedding of the extracellular domain,
releasing a soluble form of aKlotho into the circulation (Chen et al., 2007). A secreted
form of aKlotho can be produced by alternative splicing and is the major form found in the
circulation (Matsumura et al., 1998). Tissue-specific inactivation of aKlotho or inhibition of
ADAM metalloproteinases shows that the kidney is the principal contributor of circulating
aKlotho. The soluble ectodomain of aKlotho can also function as a cofactor for FGF23
signaling, although with much weaker activity compared to full-length membrane aKlotho
(G. Chen, Liu, et al., 2018; Erben & Andrukhova, 2017; Hu et al., 2016; Lindberg et

al., 2014; Quarles, 2019; van Loon et al., 2015). Interestingly, the FGF23/aKlotho/FGFR
signaling complex still requires HS for full activity (G. Chen, Liu, et al., 2018).

BKlotho specifically interacts with FGF15/19 to form a signaling complex with FGFR1c
or FGFR4, and with FGF21 to form a signaling complex with FGFR1c. BKlotho biology
has been recently reviewed (Kilkenny & Rocheleau, 2016; Kuro-o, 2019; Owen et al.,
2015; Tan et al., 2014). Activation of pKlotho/FGFR1c by FGF21 induces sustained
energy expenditure in brown adipose tissue, browning of white adipose tissue, weight loss,
and improvements in obesity-associated metabolic derangements. To mimic this activity,
a monoclonal antibody has been identified that can interact with and activate pKlotho/
FGFR1c without interfering with FGF21 binding to the complex (Kolumam et al., 2015;
Min et al., 2018). In the liver, interleukin 1p (IL-1B) strongly inhibits pKlotho expression
and FGF15/19-induced ERK1/2 phosphorylation and cell proliferation (Y. Zhao, Meng, et
al., 2016).

yKilotho has been shown to enhance signaling of FGF15/19 in human embryonic kidney 293
(HEK 293) cells and to directly interact with FGFs and FGFRs (Fon Tacer et al., 2010).
yKlotho expression is increased in several types of cancer and is necessary for cancer cell
survival (Hori et al., 2018; Onishi et al., 2020; Trost et al., 2016). Depletion of yKlotho

in triple-negative breast cancer cells, bladder carcinoma cells, or prostate cancer cells led
to increased oxidative stress, cell cycle arrest, and apoptosis (Hori et al., 2018; Onishi et
al., 2020; Trost et al., 2016). Interestingly, depletion of yKlotho resulted in constitutive
activation of ERK and a reduced induction of ERK in response to canonical FGF2 (Trost
et al., 2016). yKlotho is highly expressed in gliomas and is associated with high tumor
aggressiveness. Protein interaction analysis suggests that yKlotho may directly interact
with FGF23, FGFR1, FGFR4, and FGFRL1 and may have an immunosuppressive function
mediated by FGFR signaling (Fon Tacer et al., 2010; Trost et al., 2016). Further discussion
of the actions of the endocrine FGFs can be found below.

2.6.2| FGF binding proteins—FGF binding proteins (FGFBPs) are secreted proteins
that release locally stored FGFs from the extracellular HSPG-rich matrix to facilitate
activation of cells that express FGFRs (Figure 3) (Taetzsch et al., 2018; Tassi et al., 2011).
FGFBP1 is expressed in skeletal muscle and enriched in the neuromuscular junction (NMJ).
FGFBP1 expression is reduced in a mouse model of amyotrophic lateral sclerosis (ALS)
and in aging muscles. Mechanisms leading to reduced expression of Fgfbp1 are thought

to be downstream of transforming growth factor beta (TGF). In mice lacking Fgfbp1,
there is an accelerated progression of ALS pathology and age-related NMJ degeneration
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(Taetzsch et al., 2017), epidermal thickening, decreased epidermal papilloma formation, and
delayed healing of skin wounds (M. O. Schmidt et al., 2018). FGFBP1 is expressed in

ECs in the central nervous system (CNS) during blood-brain barrier formation. Conditional
inactivation of Fgfbp1 in ECs leads to transient hypervascularization and delayed maturation
of the blood-brain barrier (Cottarelli et al., 2020). Induced expression of Fgfbp1 in mice
was shown to activate FGF signaling, increase angiogenesis, and increase blood pressure by
sensitizing resistance vessels to angiotensin Il (Angll, Agtrib; Tassi et al., 2011; Tassi, Lai,
etal., 2018).

Patients with a rare 1gG4-related disease (IgG4-RD) have a frameshift mutation in FGFBP2.
The expression of FGFBP2 in cytotoxic T cells suggests a role for FGFBP2 in the
pathophysiology of this disease (Newman et al., 2019). Loss of function mutations in
FGFBP2 are associated with congenital heart disease (McKean et al., 2016).

FGFBP3 modulates fat and glucose metabolism in mouse models of metabolic syndrome.
FGFBP3 interacts with endocrine FGFs through its C-terminus and enhances their signaling.
In obese mice, expression of exogenous FGFBP3 reduced hyperglycemia, hepatosteatosis,
and weight gain, blunted de novo lipogenesis in liver and adipose tissues, increased
circulating adiponectin, and decreased nonesterified fatty acids (Tassi, Garman, et al., 2018).

2.6.3| FGF receptor-like 1—FGF receptor-like 1 (FGFRL1; also referred to as
FGFR5) is a single-span transmembrane non-tyrosine kinase FGFR that binds to heparin
and a subset of FGF ligands (Figures 1d and 3). No function has been attributed to the short
intracellular histidine-rich domain of FGFRL1, as mice in which this domain is replaced
with green fluorescent protein (GFP) are phenotypically normal (Bluteau et al., 2014). The
critical molecular functions of FGFRL1 are not well defined; however, proposed functions
include binding FGF ligands as a decoy receptor, dimerization-induced inhibition of tyrosine
kinase FGFRs, modulation of receptor turnover or signaling, or FGF-independent regulation
of cell adhesion or cell fusion (Trueb, 2011; Zhuang et al., 2016). Other studies show that
FGFRL1 may activate FGF signaling pathways and promote resistance to chemotherapy in
small cell lung cancer cell lines (R. Chen, Li, Zheng, et al., 2020).

FGFRL1 binds FGFs 2, 3, 4, 8, 10, and 22, but not other ligands tested, including FGF9
or FGF20 (Steinberg et al., 2010). High-affinity binding of FGF8 required the presence
of 1g-like domains 2 and 3 (Gerber et al., 2020; Zhuang et al., 2020). Overexpression of
FGFRL1 did not affect cell proliferation or ERK1/2 phosphorylation in response to FGF2
but did promote cell adhesion, suggesting that its primary function may not involve FGF
signaling (X. Yang, Steinberg, et al., 2016). In vertebrates, the third immunoglobulin-like
domain of FGFRL1 is required for cell fusion activity (Zhuang & Trueb, 2017).

When FGFRL1 is overexpressed in cultured cells, it forms a homodimer on the cell surface
and promotes cell adhesion through binding to HS (Rieckmann et al., 2008). Additionally,
FGFRL1 was shown to induce cell clustering, cell-cell fusion, and formation of large
multinucleated syncytia (Rieckmann et al., 2008; Steinberg et al., 2010; X. Yang, Steinberg,
et al., 2016; Zhuang et al., 2015; Zhuang & Trueb, 2017).
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Mice lacking FGFRL1 have agenesis of slow muscle fibers leading to defects in the
diaphragm, and bilateral agenesis of the metanephric kidneys. It is not clear whether these
phenotypes are caused by effects on FGF signaling or effects on cell adhesion; however,
Fgf8is expressed in the developing kidneys and Fgf8/~ mice have a similar kidney agenesis
phenotype to Fgfr/Z7~~ mice suggesting that FGFRL1 may be a physiological receptor for
FGF8 in the kidney (Amann et al., 2014; Gerber et al., 2020; Zhuang et al., 2020).

2.6.4| Thrombospondin 1—Thrombospondin 1 (THBS1) is a serum glycoprotein that
can associate with the cell surface through binding to HS. THBSL1 inhibits the angiogenic
properties of FGF2 through direct binding to FGF2 through calcium-binding, type 111 repeats
in its carboxy-terminal domain (Margosio et al., 2008; Taraboletti et al., 1997). A 60 kDa
recombinant fragment derived from the THBSL1 type 111 repeats inhibits FGF2 binding

to ECs and FGF2-induced angiogenesis in vivo (Margosio et al., 2008). Additionally, a

15 amino acid peptide derived from the type 11 repeat sequences and a small molecule
mimetic (SM27) of this peptide was also able to inhibit FGF2 EC binding and angiogenic
activity by directly interfering with the heparin-binding site of FGF2 and inducing allosteric
changes along with the FGF2/FGFR1 interface (Colombo et al., 2010; Pagano et al., 2012).
Second-generation molecules based on SM27 have improved affinities and abilities to inhibit
FGF2/HS/FGFR binding (Foglieni et al., 2016).

2.6.5| Long pentraxin-3—Pentraxin-3 (PTX3) is in the superfamily of cyclic
multimeric soluble pattern recognition receptors (SPRRs). PTX3 is induced locally in ECs
and immune cells at sites of inflammation or cell damage and is a positive regulator of the
inflammatory response, conferring resistance to viral and bacterial infection (Smole et al.,
2020). PTX3 binds FGFs 2, 6, 8b, 10, and 17 and specifically inhibits FGF2-induced EC
and vascular smooth muscle (VSMC) cell proliferation (Figure 3) (Camozzi et al., 2005;
Giacomini et al., 2015; Presta et al., 2018; Rusnati et al., 2004). Transgenic expression of
PTX3 in ECs blocks FGFR1 activation in response to FGF2 and inhibits tumor growth and
angiogenesis (Rezzola et al., 2019; Ronca et al., 2017; Ronca, Giacomini, Di Salle, et al.,
2015). A similar activity was elicited by FGF-binding pentapeptide (aa1l00-104, ARPCA)
derived from the N-terminus of PTX3 (Giacomini et al., 2015; Ronca, Giacomini, Di Salle,
etal., 2015).

Based on the structure of the ARPCA pentapeptide, a synthetic small molecule, NSC12, was
synthesized and shown to block FGF2 binding to FGFR1 but did not interfere with FGF2
binding to heparin. NSC12 binds to FGF2 with a Kd of 51 puM and to FGF3, FGF4, FGF6,
FGF8, FGF16, FGF18, FGF20, and FGF22 with Kd values ranging from 16 to 120 uM
(Ronca, Giacomini, Di Salle, et al., 2015). In functional assays, NSC12 and its derivatives
were shown to inhibit angiogenesis and tumor growth in vivo (Castelli et al., 2021; Presta et
al., 2018; Ronca et al., 2017; Ronca, Giacomini, Di Salle, et al., 2015).

In developing and injured bone, PTX3 is produced by osteoblasts (Parente et al., 2019).
Mice lacking Ptx3have reduced osteoblast function resulting in decreased bone mass

and bone mineralization, but no change in active osteoclasts populating the bone surface.
Ptx3”~ mice also have impaired callus mineralization during fracture healing. In vitro,
FGF2 inhibits osteoblast differentiation, and this can be blocked by PTX3 (Grcevi c et al.,
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2018). These data suggest that PTX3 may modulate direct effects of FGF2 signaling to
osteoblasts; however, effects of FGF signaling to the skeletal vasculature may also affect
bone formation, homeostasis, and response to injury.

In zebrafish, inactivation of ptx3b increases FGF ligands availability, causing sustained
activation of FGF signaling. Sustained FGFR signaling resulted in shortened primary cilia
leading to defects in the left-right asymmetry determination (Guerra et al., 2020). Increased
expression of PTX3 or treatment with NSC12 increased the length of the primary cilium in
several FGF-dependent tumor cell lines (Guerra et al., 2020).

2.6.6 | Anosmin 1 and Kallmann syndrome—Anosmin 1 (ANOSI; formerly called
KALI) is the gene responsible for the X-linked form of Kallmann syndrome, a type of
congenital hypogonadotropic hypogonadism (CHH) (de Castro, Seal, Maggi, & Group of
HGNC Consultants for KAL1 Nomenclature, 2017; Korsensky & Ron, 2016). Mutations in
FGF8and FGFRI cause an autosomal form of Kallmann syndrome, accounting for 12%

of cases (Falardeau et al., 2008; Hardelin & Dode, 2008; Trarbach et al., 2010). Mutations
in FGF17, IL17RD, DUSP6, SPRY4, and FLRT3have also been identified in people with
CHH (Miraoui et al., 2013). ANOSL1 is a secreted heparin-binding glycoprotein and has been
shown to function as a co-factor that promotes FGFR signaling in developing gonadotropin-
releasing hormone (GnRH) neurons (Gonzalez-Martinez et al., 2004). Mechanistically,
ANOSLI potentiates FGFR signaling in a FGF ligand-dependent manner through direct
interactions with the FGFR 1G-like domain 1I-I11 linker region and with FGF2 (Figure 3)
(Hu et al., 2009; Korsensky & Ron, 2016). More recently, ANOS1 was shown to form a
complex with L1 cell adhesion molecule (LICAM) and FGFR, which is required for neurite
branching in Caenorhabditis elegans (Diaz-Balzac et al., 2015).

Agenesis of the corpus callosum occurs in Kallmann syndrome patients with hypomorphic
mutations in FGF8 (McCabe et al., 2011; Moldrich et al., 2010). Perinatal FGF8 signaling
regulates the timing of the onset of anterior—dorsal Glial fibrillary acidic protein (Gfap)
expression, identifying a role in midline glial cell development. Fg78 hypomorphic mice
have impaired midline glial development leading to agenesis of the corpus callosum (Stewart
etal., 2016).

In the zebrafish lateral line primordium, ANOS1 enhances FGF signaling by directly
binding and facilitating the diffusion of FGF10a through the ECM to increase the FGF10a
signaling range (J. Wang, Yin, et al., 2018). Of note, mice and rats lack an identifiable
ANOS1 orthologue (de Castro et al., 2014; Rugarli et al., 1993); however, overexpression
of human ANOSL1 in mice led to activation of FGFR1/ERK1/2 signaling and resulted in
enhanced oligodendrocyte precursor cell (OPC) proliferation, migration, and myelination
(Murcia-Belmonte et al., 2016).

2.6.7| Fibronectin leucine-rich transmembrane proteins—Fibronectin leucine-
rich transmembrane proteins (FLRTSs) 1-3 are single transmembrane domain glycoproteins
that regulate cell adhesion and synaptogenesis. FLRT1, 2, and 3 interact with FGFR1 and
FGFR2 and increase their expression and signaling in a positive feedback loop (Figure 3)
(Korsensky & Ron, 2016; Latko et al., 2019). FLRT interactions with FGFRs involve the
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membrane-proximal fibronectin type I1l domain and the short cytoplasmic tail (Wei et al.,
2011; L. Yang, Hansen Falkesgaard, et al., 2017). Formation of FLRT1-FGFR1 complexes
enhance FGFR signaling in the presence of FGF ligand (Wheldon et al., 2010). Rare variants
in FLRT3 FGF8, FGF17, and SPRY4 have been identified in patients with Kallmann
syndrome or CHH further supporting a role for FLRT3 in the anosmin—-FGFRL1 signaling
axis (Amato et al., 2019; Falardeau et al., 2008; Korsensky & Ron, 2016; Miraoui et al.,
2013). In X /aevis anterior—posterior patterning, BMP signaling induces the transcription
factor TBX2, which suppresses F/rt3 expression, resulting in decreased FGF8-FGFR1
signaling and anterior tissue formation (Cho et al., 2017).

2.6.8| Cubilin—Cubilin (CUBN) is a highly conserved membrane protein that interacts
with and facilitates the endocytosis of multiple proteins, sugars, and phospholipids. During
mouse development, CUBN is expressed in embryonic and extra-embryonic tissues, and
mouse knockouts of Cubn result in early embryonic lethality (Kozyraki & Cases, 2020).
CUBN binds FGF8 and most likely FGF17 and FGF18 with high affinity, but not members
of other FGF subfamilies. Conditional knockouts of Cubn showed that it acts synergistically
with FGF8 for cephalic neural crest cell survival, migration, proliferation, and telencephalic
patterning. Mechanistically, CUBN is necessary for optimal FGF8 mediated MAPK/ERK1/2
signaling, although it does not form a ternary complex with FGF8 and FGFRs (Cases et al.,
2013).

2.6.9| Interaction with non-FGFR tyrosine kinases—FGFRs interact with several
other RTKSs and cytosolic tyrosine kinases, including platelet-derived growth factor receptors
(PDGFRs) and erythropoietin-producing hepatocellular (Eph) receptors. The formation of
complexes with other kinases can result in a conformational change and/or phosphorylation
of the FGFR leading to activation of downstream signaling pathways, which in some

cases is independent of FGF ligand. The literature on these interactions has been
extensively reviewed (Latko et al., 2019; Turner et al., 2017). Using fluorescence resonance
energy transfer (FRET)-based techniques, it was demonstrated that the strength of RTK
heterodimers was similar to that of homodimers, strongly suggesting that RTK-hetero-
interactions may be biologically important (Paul et al., 2020). Eph receptors are a large
class of RTKSs that are activated by membrane-anchored ephrin ligands. Several Eph
receptors have been shown to interact with FGFRs through their cytoplasmic domains

(Paul & Hristova, 2019; Yokote et al., 2005). In an analysis of mouse embryonic neural
stem/progenitor cell differentiation, ephrin-Al was found to regulate neuronal differentiation
through a RAS-MAPK pathway that was dependent on FGFR signaling. These data suggest
that FGFs activate a ternary complex of EphA, FGFR, and the fibroblast growth factor
receptor substrate 2 (FRS2) adaptor protein, to regulate self-renewal and differentiation of
mouse embryonic neural stem/progenitor cells (Sawada et al., 2015). In the developing lens,
mouse Disks Large 1 (DLG1) functions as a scaffolding protein to regulate macromolecular
complexes between EphA2 and FGFRs 1, 2, and 3. Inactivation of D/gZ in the lens disrupts
lens fiber differentiation and correlates with decreased FGFR2 signaling (Lee & Griep,
2014; S. Lee, Shatadal, & Griep, 2016).
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In a recent study, protein tyrosine kinase 7 (PTK7), a catalytically defective receptor

protein tyrosine kinase, was found to bind FGFR1 and FGFR3 through extracellular domain
interactions. These interactions were not affected by FGF1 ligand and were found to activate
FGFR1 independent of the ligand to promote oncogenesis (Figure 3) (Shin et al., 2019).

2.6.10| Interaction with cell adhesion molecules—Cell adhesion molecules
(CAMs) that stimulate neurite outgrowth (NCAM, CDHZ2, and L1-CAM) were the first
identified noncanonical FGFRL1 interacting proteins (Doherty & Walsh, 1996; Latko et al.,
2019; Nguyen & Mege, 2016; Williams et al., 1994).

The affinity of FGFRs for NCAM is 108-fold lower than for FGFs; however, the functional
interaction is driven by the high cell-surface concentration of NCAM (Kiselyov et al., 2005).
The interaction between NCAM and FGFRs requires the FGFR Ig-like domains Il and

111 (Figure 1b, 3) and this interaction can be inhibited by extracellular ATP binding to
NCAM (Kiselyov et al., 2003; Rasmussen et al., 2018). FGF2 and NCAM promote different
FGFR1 assembly and dynamics at the plasma membrane. NCAM stimulation elicits long-
lasting cycles of unstable FGFR1 homomultimers causing rapid FGFR1 internalization and
recycling resulting in sustained low-level signaling that is sufficient to induce cell migration.
Low concentrations of FGF2 have similar effects. In contrast, high concentrations of FGF2
induced stable dimerization, robust signaling, and cell proliferation (Zamai et al., 2019).

A short heptapeptide, AKTVKFK (Enreptin), derived from the N-terminus of FGFR Ig-like
domain 11 binds NCAM and partly overlaps with the FGFR self-dimerization site. This
peptide acts as a dual agonist for NCAM and FGFR and enhances neurite outgrowth
(Enevoldsen et al., 2012; llieva et al., 2019). Similarly, peptides derived from NCAM1 and
NCAM2 can also promote neurite outgrowth in vitro and improve cognitive function in vivo
through activation of FGFR1 (Hansen et al., 2010; Rasmussen et al., 2018).

CDH2 (N-cadherin) and FGFR1 have been shown to function together to regulate cell
survival and migration in the setting of embryonic development and cancer (Suyama et al.,
2002). FGFR1 and CDH2 support each other in a feed-forward loop where FGF signaling
regulates the expression of CDH2 and CDH2 regulates sustained activation of FGFR1
(Nguyen & Mege, 2016; Qian et al., 2014; Suyama et al., 2002). Consistent with this,
treatment of kidney proximal tubule epithelial cells with TGF rapidly and transiently
induced both FGFR1 and CDH2, and inhibition of FGFR1 signaling blocked these cells
from an epithelial-mesenchymal transition (EMT) (Zivotic et al., 2018). In early embryonic
development, CDHZ2 is highly expressed in mouse epiblast stem cells where it functions

to stabilize FGFR1 expression. Knockdown of either Cah2 or Fgfr1 reduces pluripotency
of epiblast stem cells. However, in mouse embryonic stem cells, CDH2 increases FGF2-
mediated cell differentiation (Takehara et al., 2015). In neuronal differentiation, FGF
signaling must be decreased to allow the acquisition of a neuronal cell fate. In a model

of embryonic stem cell differentiation into neurons, the expression of CDH2 promotes
neuronal differentiation by dampening FGF signaling (Francavilla et al., 2009; Punovuori et
al., 2019).
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In migrating cortical neurons different effects of CAMs were observed. CDH2 was shown
to bind FGFRs cell autonomously and inhibit FGFR polyubiquitination and lysosomal
degradation, leading to increased FGFR protein, prolonged ERK1/2 phosphorylation, and
increased neuronal migration (Kon et al., 2019). A similar effect on neuronal migration was
observed with the cell adhesion molecule, neuronal growth regulator 1 (NEGR1), which also
directly interacts with FGFR2. Loss of NEGR1 increased FGFR2 degradation and impaired
FGFR2-dependent ERK1/2 and AKT signaling and neuronal migration (Szczurkowska et
al., 2018). In an in vitro model in which Fgfr1- and Cdh2-transfected human embryonic
kidney (HEK) cells were allowed to migrate on a CDH2 coated surface, FGFR1 and CDH2
were co-localized at cell-cell contact sites, cell-cell adhesion was strengthened, and cell
migration was reduced. These effects were attributed to a positive feedback loop between
CDH2 and FGFR1 at adhesion sites (Nguyen et al., 2019). In Ciona, heart progenitor cells
adhere to the ECM through integrin receptors. Cell adhesion was shown to inhibit mitotic
FGF receptor internalization, leading to receptor enrichment along adherent membranes
leading to signal polarization (Cota & Davidson, 2015).

In non small cell lung cancer cells, an FGFR4 variant (p.G388R) induced an EMT
phenotype (expression of Cdh2, Vim, Snarl, and TwistI). Expression of CDH2 was
necessary for the pro-tumorigenic effects of this FGFR variant (Quintanal-Villalonga et al.,
2018). Additionally, co-expression of FGFR1 and/or FGFR4 with CDH2 predicted a poorer
outcome for a variety of cancer types (Quintanal-Villalonga et al., 2020). However, in this
model, it is not known if CDH2 affects FGFR expression of activity.

The question of whether canonical FGFR signaling pathways are required to mediate cell
adhesion was addressed by comparing FGFR null mutants, FGFR mutants that uncouple
activation of all major downstream signaling pathways, and mutants in which the tyrosine
kinase domain is inactivated. Interestingly, the effects of FGF-induced cell-matrix or cell-
cell interactions were lost in the FGFR null mutants and in the kinase-dead mutants, but
were retained in mutants that lacked connections to the canonical downstream signaling
pathways (Ray et al., 2020). These data suggest that FGF-FGFR signaling regulates

cell adhesion through kinase-dependent mechanisms that are distinct from the classical
downstream signaling pathways. Direct interaction of FGFRs with cadherins is also
supported by these data, as FGFRs with the most severe signaling mutations still formed
[B-catenin positive cell-cell contacts, which were not formed in the receptor null mutants.

2.6.11| Latent TGFB binding protein 2—Latent TGF binding protein 2 (LTBP2) is
a highly conserved member of the LTBP family. Most LTBP family members bind Fibrillin
1 (FBN1) in the ECM to retain pro-forms of TGF (Hirani et al., 2007). However, unlike
other family members, LTBP2 does not bind TGF, but does bind FGF2 and inhibits FGF2-
stimulated cell proliferation (Menz et al., 2015). Furthermore, LTBP2 and FGF2 co-localize
in hypertrophic scar tissue suggesting a functional relationship between LTBP2 and FGF2
(Sideek et al., 2016).

2.6.12 | Family with sequence similarity 3 member B (FAM3B)/PANDER
(pancreatic-derived factor)—Family with sequence similarity 3 member B (FAM3B)
is a secreted factor involved in glucose metabolism, type 2 diabetes (T2D), and cancer.
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FAM3B was shown to act as a FGFR ligand in Xengpus embryos. Overexpression of
Xenopus fam3b mRNA or injection of recombinant FAM3B protein into the blastocoel
cavity inhibited cephalic structures and induced ectopic tail-like structures, indicating FGF-
like activity. In vitro, FAM3B protein bound to FGFR extracellular domain-Fc fusion
proteins for FGFRs 1-4 and activated the downstream ERK signaling in an FGFR-dependent
manner (F. Zhang, Zhu, et al., 2021).

2.7| Regulation by inorganic phosphate

High dietary levels of inorganic phosphate (Pi) were found to increase the expression

of Galnt3 (polypeptide N-acetylgalactosaminyltransferase 3) in bone tissue and increase
circulating levels of FGF23 (Takashi et al., 2019). Proteomic analysis identified unliganded
FGFR1 as the sensor for Pi. In response to high extracellular Pi, osteoblastic UMR106
cells increased phosphorylation of FGFR1c, increased pERK, and increased GALNT3
expression. These effects could be blocked with the FGFR inhibitor PD173074 (Takashi
etal., 2019; Takashi & Fukumoto, 2020a, 2020b). As discussed below, Pi sensing by
FGFR and downstream regulation of FGF23 activation forms a feedback loop to maintain
phosphate homeostasis.

2.8 | Quantitative effects of FGFR activation on the cellular response

Sequence differences in FGFs and FGFRs and mutations in these proteins affect the
specificity and affinity of FGF-FGFR interactions. Quantitative differences in FGF-FGFR
interactions affect the stability of the active FGFR dimer and regulate downstream signaling.

The strength of an FGF-FGFR dimer is one determinant of downstream signaling and
cellular responses. High-affinity FGF—-FGFR interactions elicit a stronger intracellular
response (MAPK phosphorylation and cell proliferation) compared to weaker FGF-FGFR
interactions. This principle was demonstrated by showing that suboptimal FGFR activation
by a mutant FGF1 that forms a weak FGF1-FGFR dimer evokes a poor proliferative
response in NIH3T3 fibroblasts but a full metabolic response in 3T3L1 preadipocytes (Z.
Huang, Tan, et al., 2017; Suh et al., 2014).

Similarly, comparing NCAM to FGF activation of FGFRs, stimulation with a soluble
NCAM-Fc molecule elicited long-lasting cycles of short-lived FGFR1 monomers and
multimers, possibly promoting rapid FGFR1 internalization and recycling. In contrast, at

a dose that stimulates cell proliferation, FGF2 induced stable dimerization, and degradation
of endocytosed receptors (Francavilla et al., 2009; Zamai et al., 2019).

Synovial sarcoma (SS) is a soft tissue malignancy. SS cell lines express multiple FGF
ligands and receptors and inhibition of FGFR signaling slows tumor growth (Ishibe et

al., 2005). The SS-associated protein, SYT-SSX2, directly upregulated the expression of
FGFR2 (Garcia et al., 2012). A mouse model for SS identified expression of FGFRs 1,

2, and 3 in SS tumors, with FGFR2 and FGFR3 levels induced relative to surrounding
tissue. All three receptors were required for tumor growth through MAPK—-ERK activation
of ETV4 and ETV5 expression (DeSalvo et al., 2021).
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Data showing differential activation of FGFRs and corresponding distinct cellular responses
support a threshold model for FGFR signaling specificity. In this model, quantitative
differences in the strength and longevity of ligand-stabilized receptor dimers on the cell
surface correlate with quantitative differences in the phosphorylation of the activation loop
in the tyrosine kinase domain leading to the recruitment and activation of distinct substrates
and intracellular signaling pathways (Zinkle & Mohammadi, 2018).

3| INTRACELLULAR FGFR SIGNAL TRANSDUCTION AND FEEDBACK
REGULATION

Several RTKSs, including FGFRs, exist as unliganded dimers that are then stabilized

and undergo conformational changes upon ligand binding (Belov & Mohammadi, 2012;
Livnah et al., 1999; Sarabipour & Hristova, 2015, 2016b). Ligand-induced conformational
changes in FGFR dimers lead to activation of the FGFR tyrosine kinase and the sequential
transphosphorylation of five tyrosine residues in the catalytic core of the FGFR (Lew et

al., 2009; Ornitz & Itoh, 2015). Transphosphorylation of tyrosine residues in the activation
loop (A-loop) is a prerequisite for subsequent tyrosine phosphorylation (Furdui et al., 2006).
In the absence of ligand, the A-loop asymmetric dimer is electrostatically destabilized.
Ligand binding stabilizes the transphosphorylating dimer. Differences in the stability of
ligand-induced extracellular dimerization promote the formation of this dimeric complex to
varying extents, to modulate intracellular kinase activity and signaling intensity (L. Chen,
Marsiglia, Chen, et al., 2020). The intracellular juxtamembrane domain may also contribute
to maintaining the FGFR dimer in the absence of ligand (Sarabipour & Hristova, 2015).

After ligand binding and A-loop phosphorylation, subsequent tyrosine phosphorylation
enhances and stabilizes tyrosine kinase domain activity and forms specific binding sites
for some adaptor proteins. Phosphorylation of adaptor proteins activates four classical
intracellular signal transduction pathways (RAS-MAPK, PI3K-AKT, PLCy, and STAT).
Classical intracellular FGFR signaling has been extensively reviewed (Brewer et al., 2016;
Ornitz & Itoh, 2015; Xie, Su, et al., 2020; Zinkle & Mohammadi, 2018). FGFR signaling
through FRS2 is the primary pathway that activates downstream RAS-MAPK and PI3K-
AKT intracellular signaling cascades. Complexities of downstream signal transduction
are illustrated by conditional knockouts of Frs2and ShApZ2in the developing lens,

where inactivation of both was required to prevent lens development. Genetic interaction
experiments showed that direct binding of SHP2 to FRS2 is necessary for the activation of
ERK signaling (H. Li, Tao, et al., 2014).

The requirement for cooperativity of obligate receptor dimers acting in trans is illustrated by
PLCy signaling, where the PLCy SH2 domain is bound by one receptor and phosphorylated
by the second receptor (Huang et al., 2016). Activation of multiple downstream signaling
pathways by a single FGFR is illustrated by FGFR3 in chondrocytes where MAPK and
STAT1 pathways are activated and in the inner ear where FGFR1 activates MAPK and PI3K
to regulate sensory cell differentiation (Ornitz & Legeai-Mallet, 2017; Su et al., 2021).

In addition to the activation of intracellular signaling pathways, there are several feedback
regulators of FGFR signaling, some of which are induced or activated by FGFR signaling.
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These include four members of the Sprouty family (SPRYs 1-4), similar expression to

FGF (SEF, IL17RD), Sprouty-related EVH1 domain-containing (SPREDs 1 and 2), several
dual-specificity phosphatases (DUSPs 1, 4, and 6), MAPK phosphatase 3 (MKP3), direct
phosphorylation of serine residues in the FGFR, and tyrosine dephosphorylation by tyrosine
phosphatase receptor type G (PTPRG) (Azami et al., 2019; Huh et al., 2020; J. Y. Kim, Lee,
Kim, et al., 2019; Kostas, Haugsten, et al., 2018; Missinato et al., 2018; Szybowska et al.,
2021; Umair et al., 2020; van Boxtel et al., 2018; Wakioka et al., 2001; Zakrzewska et al.,
2013, 2019). Others signaling pathways such as G-protein-coupled receptors and natriuretic
peptide receptor B (NPR2) can directly or indirectly regulate FGFR signaling.

3.1| Regulation by interleukinl? receptor D (IL17RD, SEF)

Sef (Similar Expression to Fgf) encodes a type | single transmembrane domain protein
with an extracellular region containing an immunoglobulin-like motif and a type I11-like
fibronectin repeat, and an intracellular domain with similarity to the interleukin 17 receptor
(Grothe et al., 2008; Ron et al., 2008). Sefexpression is induced by FGF signaling in
different cell types, and it functions as a feedback inhibitor of FGF signaling primarily by
blocking the activation of MAPK, but in some cell-types also by blocking the activation of
AKT (Korsensky & Ron, 2016; Latko et al., 2019; Ornitz & Itoh, 2015). A splice variant of
Sef, Sef-b, is a cytosolic protein that inhibits ERK/MAPK (Korsensky & Ron, 2016).

In vivo, Sefis expressed in developing bone (periosteum and the chondro-osseous junction),
and mice lacking Sefhave increased cortical bone mass and enhanced osteoclastogenesis
(He et al., 2014). In a breast cancer cell line, SEF functions to inhibit EMT phenotypes

that promote cell migration and invasion (He et al., 2016). Expression of SEF is decreased
in some aggressive tumors. Targeted overexpression of SEF in vivo in tumors reduced
proliferation and blood vessel density and the local expression of FGF2 and matrix
metalloproteinase 9 (MMP9), suggesting that SEF may have both cell autonomous and cell
non-autonomous effects (Mishel et al., 2017).

3.2 | Regulation by C-type natriuretic peptide signaling

FGFR3 is expressed in growth plate chondrocytes and FGFR3 signaling inhibits
endochondral bone growth. Activating mutations in FGFR3 result in Achondroplasia and
other related forms of skeletal dwarfism (discussed later) (Hogler & Ward, 2020; Legeai-
Mallet & Savarirayan, 2020; Ornitz & Legeai-Mallet, 2017; Unger et al., 2017). C-Type
natriuretic peptide (CNP) is expressed in multiple tissues, including chondrocytes, and its
primary function is to increase bone growth through signaling through the natriuretic peptide
receptor B (NPR2) in chondrocytes. Mice or humans with loss of function mutations in
CNP or NPR2 develop severe dwarfism (acromesomelic dysplasia, type Maroteaux) (Potter
et al., 2006). Conversely, overexpression of CNP or activating mutations in NPR2 lead to
skeletal overgrowth (Bocciardi & Ravazzolo, 2009; Hannema et al., 2013; Miura et al.,
2014; Wagner et al., 2021).

CNP signaling through NPR2 functions to inhibit FGFR3 induced ERK phosphorylation
in growth plate chondrocytes (Ozasa et al., 2005). In chondrosarcoma cells and in growth
plate chondrocytes, activation of FGFR3 signaling results in dephosphorylation of NPR2,
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which is required to inactivate the receptor (Robinson et al., 2017; Shuhaibar et al., 2017).
A mutation in NPR2 that prevents dephosphorylation mitigated the short limb phenotype
of mice homozygous for the p.G380R Achondroplasia mutation in FGFR3 (Wagner et al.,
2021). Suppression of CNP signaling by activating mutations in FGFR3 is an additional
mechanism for inhibition of bone growth. CNP analogs with an increased serum half-life
(TransCon CNP; Vosoritide) are in clinical trials for treating patients with Achondroplasia
(Breinholt et al., 2019; Klag & Horton, 2016; Legeai-Mallet & Savarirayan, 2020; Ornitz
& Legeai-Mallet, 2017; Savarirayan et al., 2020, 2021; Wendt et al., 2015). Vosoritide
(Voxzogo) has recently been approved for the treatment of Achondroplasia in the EU

and by the FDA (Duggan, 2021) (https://www.fda.gov/news-events/press-announcements/
fda-approves-first-drug-improve-growth-children-most-common-form-dwarfism).

NPR2 expression has also been found in cranial sutures. However, a mouse model of
craniosynostosis that results from activating mutations in FGFR2 (Apert syndrome) did not
show a response to CNP analogs (Holmes, Zhang, et al., 2018).

3.3| Regulation by G-protein-coupled receptors

G-protein-coupled receptors (GPCRs) that interact with FGFRs have been identified using
yeast two-hybrid screens, co-immunoprecipitation, proximity ligation assays, or direct
activation assays. These include the adenosine receptor (AdoraZa), cannabinoid receptor

1 (Cnri), muscarinic acetylcholine receptor (MAChR, ChrmI), 5-hydroxytryptamine
(serotonin) receptor (Htrla, Htr28), and the Mu-opioid receptor (OprmI) (Borroto-Escuela
et al., 2015, 2016; Di Liberto et al., 2017, 2019; Latko et al., 2019; Narvaez et al., 2020).
Disruption of interactions between FGFR1 and serotonin receptors may contribute to the
development of major depression and anxiety disorders (Borroto-Escuela et al., 2021).

Bradykinin (BK; a 9 amino acid peptide cleaved from kininogen) and FGF2 have been
implicated in the pathogenesis of inflammatory and angiogenic disorders by inducing a
pro-inflammatory signature in ECs. The GPCRs, BK receptors 1 and 2 (Bakrbl1, Bakrb2),
increased FGF2 expression and FGFR1 signaling in human umbilical vein endothelial cells
(HUVECS) and in retinal capillary endothelial cells (HRECs). FGFR1 phosphorylation
triggered by BK was mediated by cSrc and was independent FGF2 upregulation (Terzuoli et
al., 2018).

In Drosophila, Folded gastrulation (Fog) is a secreted ligand that signals through the G-
protein-coupled receptors Mist and Smog where they activate downstream effectors to elicit
cell-shape change during gastrulation, axon guidance in the developing nervous system, and
glial morphogenesis. The FGFR, Heartless (Htl), is expressed in glia and regulates glial
morphogenesis (Stork et al., 2014). Htl was found to interact with Smog in a synergistic
manner to suppress Fog signaling (Shweta et al., 2021).

3.4 | Feedback regulation of intracellular signaling pathways

Feedback inhibition of FGFR signaling is necessary for the precise control of cellular
function and for the prevention of pathological responses to injury and cancer. The
MAPK/ERK pathway is one of the major downstream pathways activated by FGFRs
and other RTKSs. Direct feedback regulation of FGFR1 by ERK1/2 occurs through
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phosphorylation of a serine residue in the carboxyl terminus of FGFR1 (Ser’’” in

FGFR1) which directly reduces tyrosine phosphorylation and activity of the tyrosine kinase
domain (Zakrzewska et al., 2013). Direct inactivation of FGFR1 occurs through tyrosine
dephosphorylation by protein tyrosine phosphatase receptor type G (PTPRG) (Kostas,
Haugsten, et al., 2018).

Less direct feedback mechanisms occur through phosphorylation of threonine residues in the
adaptor protein FRS2 by ERK1/2 and P38, which decreases FRS2 tyrosine phosphorylation
and attenuates binding to Grb2 and coupling to downstream MAPK signaling (Lax et al.,
2002; Zakrzewska et al., 2019). Further downstream, dual-specificity phosphatase (DUSP)
family phosphatases are responsible for dephosphorylation and inactivation of the MAPKs
(Huang & Tan, 2012). FGF activated ERK1/2 signaling directly induces DUSP6 expression,
and, through its downstream target p9ORSK, phosphorylates the transcriptional repressor
CIC leading to its nuclear export, resulting in derepression of DUSP6 (Ren et al., 2020).

In zebrafish, the specification of germ layers is regulated by a feedforward interaction
between Nodal and FGF signaling to pattern endoderm and mesoderm (Pinheiro &
Heisenberg, 2020). Nodal induces long-range FGF signaling while simultaneously inducing
proximal cell autonomous expression of DUSP4 which specifically dephosphorylates
phospho-ERK1/2. Attenuation of proximal FGF signaling allows specification of endoderm
progenitors by Nodal, while more distal cells receive Nodal and FGF signaling and are
specified as mesoderm (van Boxtel et al., 2018).

In the mouse blastocyst, FGF4 activates ERK signaling in inner cell mass precursor cells and
in differentiated primitive endoderm and definitive epiblast cells. In the primitive endoderm,
DUSP4 expression is induced by ERK signaling and in epiblast cells, ETV5 is induced

by Nanog, independent of ERK. DUSP4 reports FGF signaling in primitive endoderm;
however, its functional role in this cell type is not yet known (Azami et al., 2019).

Spred and Sprouty (Spry) genes encode intracellular negative regulators of RTK signaling
that target the RAS/MAPK pathway. SPRED sequesters RAF and a RAS/RAF complex to
the plasma membrane, preventing RAF activation by phosphorylation. SPRY, activated by
phosphorylation, disrupts the GRB2/SOS complex to block RAS/RAF signaling (Neben et
al., 2019). Furthermore, the expression of Spry2and Spry4is induced by ERK activation
and are effective reporters of FGF signaling in many cell types (Morgani, Saiz, et al.,
2018). Spry genes are involved in many developmental processes and in tumorigenesis
(Kawazoe & Taniguchi, 2019). For example, in kidney development, SPRY is expressed in
nephron progenitors and counters FGF9 and FGF20 signaling to maintain progenitor cell
stemness (Huh et al., 2020). In optic vesicle development, SPRY 2 regulates the movement
of retinal progenitors to properly position progenitors within the optic vesicle (Sun, Yoon,
et al., 2020). In lens fiber development, SPRY and SPRED proteins are expressed in the
lens epithelium and redundantly suppress FGF-induced ERK1/2-signaling in lens epithelial
cells. Overexpression of Spry2in lens cells in vitro suppressed FGF-induced ERK1/2
phosphorylation and expression of the fiber-specific marker, ProxZ, but not the accumulation
of B-crystallins (G. Zhao, Bailey, et al., 2018). Overexpression of Spredl or Spred2in the
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lens in vivo resulted in a small lens phenotype caused by reduced epithelial cell proliferation
and fiber differentiation (Susanto et al., 2019).

FGF signaling is required for salivary gland development. Gain-of-function mutation in
Fgfr2in Apert syndrome mice increases epithelial branching of the submandibular glands
(Yamaji et al., 2018). FGFs also suppress Wnt signals that are required for parasympathetic
ganglia that are necessary for salivary gland innervation. SPRY 1/2 function to suppress
FGF signals allowing parasympathetic gangliogenesis and innervation of the salivary gland
(Knosp et al., 2015).

In primary fetal lung epithelial cells, hypoxia favored nuclear localization of SPRY2 which
interacts with regions of the rat and human VEGF-A promoter spanning the hypoxia
response element (HRE) to repress VEGF-A expression. Treatment with FGF10 reduced the
interaction of Spry2 with the HRE to promote VEGF-A expression and coordinate epithelial
and vascular morphogenesis (Walker & Land, 2018).

3.5| New downstream targets of FGFR signaling

The repertoire of proteins that interact with FGFRSs has been explored through
immunoprecipitation coupled with mass spectrometry. Using this approach, 66 proteins
were found to interact with the FGFR3 intracellular domain. Validated examples include the
adapter protein STAML, the transcriptional regulator SHOX2, the translation elongation
factor eEF1AL, serine/threonine kinases ICK, MAK, and CCRK, and the inositol
phosphatase SHIP2 (Balek et al., 2018). In another example, a yeast 2-hybrid screen

for proteins that interact with FGFR3 (K650E), an activating mutation found in multiple
myeloma and bladder cancer, identified TGFp-activated kinase 1 (TAK1). Follow-up
experiments showed that wild-type FGFRs 1, 2, 3, and 4 interact with TAK1 and that
FGFR3 phosphorylates and activates TAK1. TAK1 is an important regulator of NFKp
activity and may be a potential therapeutic target downstream of FGFR3 dependent cancers
(Salazar et al., 2014). An overexpression screen of RTKs identified FGFR1 and FGFR2 and
several other RTKs as activators of the Hippo pathway. FGFR1 and FGFR2 were found

to directly interact with and phosphorylate multiple tyrosine residues, and thereby activate
YAP/TAZ independent of upstream Hippo signaling (Azad et al., 2020).

3.6 | Cell and receptor-specific properties of FGFR downstream signaling pathways

RTKs share common intracellular signaling pathways yet have distinct cell-type specific
effects. Comparison of the transcriptional response to platelet-derived growth factor (PDGF)
and FGF in embryonic palatal mesenchyme cells showed that the FGF response was MEK
dependent, while the PDGF response was PI13K dependent, resulting in the promotion of
proliferation and differentiation, respectively (Vasudevan et al., 2015). Similarly, during the
development of the blastocyst, FGFR1 regulates primitive endoderm (PrE) specification
through ERK1/2 signaling while PDGFRa (and likely FGFR2) regulates PrE survival
through PI3K signaling (Molotkov & Soriano, 2018).

Within the FGFR family, different cell types can exhibit diverse responses to FGFR
signaling where an FGFR transmits receptor-specific downstream signals that are cell-type
specific. For example, growth plate chondrocytes decrease proliferation and differentiation
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in response to FGFR3 whereas in malignant melanoma FGFR3 signaling promotes growth,
metastasis, and EMT phenotypes (L. Li, Zhang, et al., 2019; Ornitz & Legeai-Mallet, 2017).
In a classic study, FGFR1 and FGFR2 were found to have unique functions in cranial bone
formation. The formation of a FGF ligand gradient, from high levels in the differentiated
region to low levels in the environment of the osteogenic stem cells, modulates differential
expression of Fgfr1 and Fgfr2. Signaling through FGFR2 was found to regulate stem cell
proliferation whereas signaling through FGFR1 regulated osteogenic differentiation (Iseki et
al., 1999).

In lung epithelial cells, FGF9 signaled through epithelial FGFR3 to directly promote

distal epithelial fate specification and inhibit epithelial differentiation, while FGF10
signaled through epithelial FGFR2b to promote epithelial proliferation and differentiation.
Analysis of downstream signaling pathways revealed that FGFR3 preferentially activated
phosphoinositide 3-kinase (P13K) pathways, whereas FGFR2b preferentially activated
mitogen-activated protein kinase (MAPK) pathways. These data show that in lung epithelial
cells, different FGFRs function independently to direct distinct developmental functions
through the activation of distinct downstream signaling pathways (Yin & Ornitz, 2020).

3.7 | Functions of cytoplasmic and nuclear FGF/FGFRs

FGF ligands and receptors have been observed in the nucleus and several studies have
shown biological activity that is independent of FGFR tyrosine Kinase activity (Decker et al.,
2020; Forthmann et al., 2015; Ornitz & Itoh, 2015; Stachowiak et al., 2015; Stachowiak &
Stachowiak, 2016; Tuzon et al., 2019).

Under stress conditions, exogenous FGF1 and FGF2 can be translocated into the cell via
the endosomal membrane in a receptor-dependent manner. Intracellular FGF1 and FGF2
show anti-apoptotic activity, independent of receptor activation, and downstream signaling
(Kostas, Lampart, et al., 2018). FGF1 and FGF2 can also be internalized in complex

with FGFR1 or FGFR4 (not FGFR2 or FGFR3) and translocated from the endosome to
the cytosol and then to the nucleus (Sluzalska et al., 2021). Nucleolin is an abundant
nuclear phosphoprotein that directly binds FGF1 (Bober et al., 2016). Nucleolin mediates
the intranuclear phosphorylation of FGF1 by protein kinase C & (PKCS) resulting in its
export from the nucleus (Sletten et al., 2014).

FGF10 has two putative nuclear localization sequences (NLSs). In lacrimo-auriculo-
dento-digital (LADD) syndrome, the p.G138E FGF10 mutation in NLS1 blocks nuclear
translocation of FGF10 and reduces its secretion from cells. This study suggests that

in addition to its paracrine roles, FGF10 may also have intracrine functions in FGF10-
producing cells (Mikolajczak et al., 2016).

The diverse roles of nuclear FGFR1 have been termed Integrative Nuclear FGFR1 Signaling
(INFS) (Decker et al., 2020; Stachowiak et al., 2015). FGFR1 has a unique transmembrane
domain structure, which in the presence of FGF2 and p-Importin allows translocation to the
nucleus (Stachowiak & Stachowiak, 2016). Nuclear FGFR1 has been shown to associate
with topological domains in chromatin to regulate gene expression (Decker et al., 2020).
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Under hypoxic conditions, FGFR2 and HIF1a co-localize and associate in the nucleus.
Functionally, this interaction blocks the recruitment of coactivator p300, resulting in the
repression of HIF target genes (Lee et al., 2019). Dominant mutations in the transmembrane
domain of FGFRZthat cause Bent Bone Dysplasia (BBD) reduced canonical FGFR2
signaling mediated by extracellular FGFs, but increased FGFR2 nucleolar localization

and epigenetically activated transcriptionally silent ribosomal DNA. This led to nucleolar
disorganization, altered ribosome biogenesis, and activated the Rpl11-Mdm2-p53 nucleolar
stress response pathways (Merrill et al., 2012; Neben et al., 2017; Stichelbout et al., 2016).
Overexpression of BBD mutations in FGFR2 or wild-type FGFR2 with added nuclear and
nucleolar localization signals, in chick lateral plate mesoderm, induced angulated hindlimbs
associated with defects in skeletal muscle patterning and tendon-to-bone attachment (Salva
et al., 2019; Tuzon et al., 2019). These studies link nuclear localization of FGFR2 with the
etiology of BBD disease phenotypes.

4| TOOLS TO MANIPULATE AND MONITOR FGF SIGNALING IN VITRO
AND IN VIVO
4.1 Optogenetics

Optogenetics commonly refers to a biological technique by which the activity of cellular
proteins is controlled by light. Using natural or engineered photosensory proteins, this
technique can control basic cellular functions, protein localization, and protein—protein
interactions (Kim et al., 2016; Pathak et al., 2013). Optically controlled FGFR1 (opto-
FGFR1) was engineered by generating a chimeric protein containing a membrane tethering
myristoylation domain, the intracellular kinase domain of FGFR1, and the light-oxygen-
voltage (LOV)-sensing domain of aureochromel (from the yellow-green alga, Vaucheria
frigiaa). Exposure to blue light can rapidly and reversibly control intracellular FGFR1
signaling and mimic complex mitogenic and morphogenic cell behavior that would normally
be induced by FGFs (Grusch et al., 2014). A similar optically controlled FGFR1 was
engineered using the Arabidopsis photosensory protein cryptochrome 2 (CRY?2). This
construct conferred spatiotemporal control of cell polarity and induced directed cell
migration (Kim et al., 2014, 2016).

A third approach was designed to cluster and activate endogenous RTKSs using non-covalent
interactions with engineered CRY 2, in which mCherry-CRY2 was fused to the SH2 domain
from PLCy (SH2-N). This technology, termed Clustering Indirectly using Cryptochrome

2 (CLICR), conferred light-inducible activation of endogenous RTKs. In the presence of
blue light, SH2-N and FGFR-GFP showed light-dependent membrane translocation and
formation of puncta with GFP and mCherry that could be blocked with an FGFR kinase
inhibitor. Although this technique lacks receptor specificity it has the advantage of activating
endogenous receptors (Bugaj et al., 2015).

Optogenetic tools were used to assess the relative importance of membrane-tethered FGFR1
versus cytosolic FGFR1 using mem-opto-FGFR1 containing an N-terminal myristoylation
domain (Grusch et al., 2014) and cyto-opto-FGFR1 that lacks the membrane tethering
signal. In response to light, mem-opto-FGFR1 induced neurite outgrowth in PC12 cells
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whereas cyto-opto-FGFR1 did not. Both constructs stimulated pERK in HEK293 cells.
Cyto-opto-FGFR1 did not stimulate pERK in PC12 cells. These data suggest that
membrane-associated FGFR1 is necessary for PC12 cell differentiation (Csanaky et al.,
2019). One limitation of membrane-targeted opto-FGFR1 is its relatively high background
activity even in the absence of light. In vivo, mem-opto-FGFR1 resulted in embryonic
death in Xenopus laevis. To overcome this, a binary system was developed using the FGFR
intracellular domain fused to CRY2 and a membrane-tethered cryptochrome-interacting
basic helix-loop—helix N-terminal domain (CIBN). Together, these constructs conferred
light-inducible FGFR ICD translocation to the plasma membrane (Krishnamurthy et al.,
2020). Optical activation of this binary system allowed for light-mediated induction of
ectopic tail-like structures in X. /aevis embryos (Krishnamurthy et al., 2020). An opto-
FGFR2 gene anchored the intracellular domain and LOV domain to the membrane with a
myristoylation signal. Activation of opto-FGFR2 in keratinocytes in vivo turned on classical
FGFR signaling pathways and target genes. However, opto-FGFR2 signaling was transient
and opto-FGFR2 expression was rapidly downregulated with loss of response to light
(Rauschendorfer et al., 2021).

4.2 Acoustically responsive scaffolds

Delivery of growth factors in a controlled and spatially regulated manner is an ongoing
challenge in regenerative medicine. Acoustically responsive scaffolds (ARS) are composite
fibrin hydrogels containing payload-carrying monodispersed perfluorocarbon emulsions
that can be disrupted by ultrasound. Focused ultrasound results in vaporization of the
perfluorocarbon emulsion (acoustic droplet vaporization). The use of ARSs and focused
ultrasound provides a mean for temporal and spatial control of growth factor release.
Spatially patterning suprathreshold ultrasound within FGF2 loaded ARS can be used to
elicit a spatially directed response from the host (Huang et al., 2021; Lu et al., 2020).
Subcutaneous implantation of an ARS loaded with FGF2 increased vascular perfusion

and blood vessel density in response to suprathreshold ultrasound (Moncion et al., 2017).
Sequential release of multiple payloads can be achieved with bi-layer ARSs containing
different payloads within each layer that can be released by different frequencies in an
ultrasound standing wave field. This technology was demonstrated by the sequential release
of FGF2 and PDGFB, two growth factors that induce different angiogenic responses
(Aliabouzar et al., 2020). In a hindlimb ischemia model, implantation of an ARS loaded
with FGF2 improved angiogenesis and reduced fibrosis in response to focused ultrasound
(Jin et al., 2021).

4.3 | Genetic and viral vector-mediated regulation of FGF signaling

Genetic approaches to manipulate FGF signaling in vivo use mice in which ligands (FGF2,
FGF7, FGF9, FGF10, and FGF18) or a constitutively activated FGFR1 can be induced to
activate cell non-autonomous or cell autonomous FGF signaling, respectively (Cilvik et al.,
2013; Clark et al., 2001; Koo et al., 2018; Tichelaar et al., 2000; Volckaert et al., 2017;
White et al., 2006; Whitsett et al., 2002). Similarly, induced expression of dominant-negative
FGFR1 or FGFR2b or the FGFR downstream pathway inhibitor SPRY4, allow cell non-
autonomous or cell autonomous, respectively, suppression of FGF signaling (Eckenstein et
al., 2006; Parsa et al., 2008; Perl et al., 2003; Urness et al., 2018). In zebrafish, a transgenic
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allele encoding a dominant-negative Fgfrla with a fluorescent tag (fgfrl-dn-cargo) placed
under combined Cre/lox and heat shock control allows spatiotemporal perturbation of FGF
signaling (Kirchgeorg et al., 2018).

Lentiviral, adenoviral, and adeno-associated viral vectors have also been used to deliver
FGFs, small hairpin RNAs (shRNAs), and inhibitors of FGF signaling, to locally activate
or inhibit the FGF signaling pathway. Lentiviruses have been used to express Fgf2, Fgf13,
Fgf23, Spry1, shFgf9, and shSpry1 (Allodi et al., 2014; Li, Wang, Wang, et al., 2018; R. Li,
Tao, Huang, et al., 2021; Mao et al., 2020; Qiao et al., 2018; Tu et al., 2019; Zhao et al.,
2015).

Adenoviral (Ad) vectors have been used to express Fgfl, Fgf2, Fgf4, Fgf9, and Fgf21
(Jerebtsova et al., 2015; Justet et al., 2017; Y. Li, Wong, et al., 2014; Ren et al., 2019;
Rissanen et al., 2004).

Adeno-associated virus (AAV) vectors have been used to express Fgfl, Fgr2, Fgf4, Fgfio,
Fgfl6, Fgfl5/19, Fgi21, Fgf22, shFgf22, Fgfrl, and shFgfr2 (Frisch et al., 2016; Gadaleta
et al., 2020; Haenzi et al., 2016; Jazwa et al., 2010; V. Jimenez, Jambrina, et al., 2018;

Li, Wang, Cai, etal., 2018; S. Li, He, et al., 2020; Luo et al., 2018; Madry et al., 2013;
Sponton & Kajimura, 2018; Tang et al., 2016; Yu et al., 2016; J. Zhang, Gupte, et al., 2017).
AAV-FGF10 has been shown to protect against hepatic ischemia—reperfusion (IR) injury in
mice (S. Li, Zhu, Xue, et al., 2021). Mice injected with AAV-FGF15/19 (non-mitogenic
variant) showed reduced bile acid synthesis and bile acid pool size and protection from
intestinal inflammation (Gadaleta et al., 2020).

4.4 Reporter alleles for the FGF signaling pathway

A transcriptional readout of FGF/ERK activity in mice was developed by targeting a histone
H2B-linked Venus fluorophore to the endogenous Spry4 locus. The Spry4/125-Venus reporter
recapitulated the expression pattern of Spry4 and localized it to sites of known FGF/ERK
activity including the inner cell mass of the pre-implantation embryo, limb buds, somites,
and highly localized patterns in adult organs (Morgani, Saiz, et al., 2018). However, this
reporter was not sensitive enough to visualize short-term changes in signaling activity in
single cells.

To develop a more sensitive reporter for FGFR and other RTK signaling, a ratiometric
ERK-Kinase translocation reporter was expressed in all cells of a mouse. When the ERK
signaling pathway is active, activated phospho-ERK phosphorylates the mClover sensor and
increases its nuclear export, resulting in cytoplasmic enrichment. When the ERK signaling
pathway is inactive, the unphosphorylated sensor is imported into the nucleus, resulting in
nuclear enrichment of mClover fluorescence. Therefore, the cytoplasmic to nuclear ratio of
the ERK kinase translocation reporter indicates ERK activity (Regot et al., 2014; Simon

et al., 2020). Imaging the mouse blastocyst revealed spatial and temporal lineage-specific
dynamics in ERK signaling (Simon et al., 2020).

Etv1 (Er8I1), Etv4 (Peal), and Etv5 (Erm) are direct transcriptional effectors of FGF
signaling (Brent & Tabin, 2004; DeSalvo et al., 2021; di Martino et al., 2019; Ebeid & Huh,
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2020; Herriges et al., 2015; Jones et al., 2019; Peluso et al., 2017; Willardsen et al., 2014;
‘Yamamoto-Shiraishi et al., 2014; L. M. Yang, Stout, et al., 2020). Transgenic reporter mice
have been developed in which a green fluorescent protein (GFP) reporter gene was inserted
into the Efv4locus in a large bacterial artificial chromosome (Lamballe et al., 2011) or in
which a CreER-RFP gene was inserted into the endogenous £1v5 gene locus (Jones et al.,
2019). In the mouse embryo, ETV4-GFP was detected in sites consistent with active FGF
signaling (nasal placode, mandibular and maxillary processes, midbrain/hindbrain junction,
anterior limb bud, mammary line, otic placode, and tailbud). In the embryonic lung, GFP
was expressed in the epithelial tips and surrounding mesenchyme, sites consistent with
FGF10 and FGF9 signaling, respectively (Jones et al., 2019; Yin & Ornitz, 2020). ETV5-
RFP was expressed in the lung epithelium, a target of FGF10 signaling, and was decreased
when FGF10 signaling was inhibited by the expression of a soluble FGFR2b extracellular
domain which functions as a ligand trap (Jones et al., 2019). However, £tvs 1, 4, and 5

are not exclusively regulated by FGFR signaling. For example, in primitive endoderm, FGF
signaling regulates DUSP4, but ETV5 production does not depend on direct activation by
ERK but instead requires NANOG activity (Azami et al., 2019).

In zebrafish, the Dusp6 promoter driving GFP or a Dusp6 enhancer trap line expressing GFP
has been used to monitor patterns of FGF signaling (Cavanah et al., 2021; Molina et al.,
2007).

5| THERAPEUTIC ACTIVATION OF FGF SIGNALING PATHWAYS

Activation of the FGF signaling pathway can be achieved by the delivery of FGF ligands,
by molecules that mimic FGF ligands, or by molecules that increase the stability of FGF
ligands or receptors (Table 1).

5.1 | Recombinant proteins

The simplest way to activate the FGF pathway is to deliver recombinant FGF ligand

to a target tissue. Recombinant FGFs are being used or evaluated for tissue repair and
regeneration or prevention of tissue damage. FGFs that are in the therapeutic pipeline or
being used in the clinic include FGF1, FGF2, FGF7, FGF10, FGF18, FGF15/19, and FGF21
(Hui et al., 2018; Xie, Zinkle, et al., 2020).

In a rat model for myocardial infarction, treatment with an FGF1 mutant with reduced HS
binding decreased infarct size compared treatment with wild-type FGF1 (C. Huang, Liu, et
al., 2017).

Chemical and physical agents can damage the corneal epithelium, leading to pain,

and impaired vision. During development, FGFR2 is important for corneal epithelial
proliferation and differentiation (Zhang et al., 2015). Corneal endothelial dystrophies, such
as Fuchs endothelial corneal dystrophy, have a progressive loss of corneal ECs leading to
edema, corneal opacity, and loss of vision (Vedana et al., 2016). A stabilized derivative

of FGF1 (TTHX1114) was found to be protective in a chemical injury corneal epithelial
explant assay and to stimulate proliferation in cultured human corneal ECs and is currently
in clinical trials (Eveleth et al., 2018, 2020). In vivo, in cryo-lesioned cornea, TTHX1001
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(a similar mutant FGF1), enhanced corneal EC regeneration and showed a significant
clearing of opacity relative to untreated controls (Weant et al., 2021). Comparison of the
efficacy of FGF2 and FGF10 in healing a corneal wound (alkali burn model) showed that
FGF10 (KGF2) was more effective than FGF2, reflecting differences in either the relative
expression levels or signaling properties of FGFR2b versus FGFR2c splice variants (Cai
et al., 2019). Notably, FGF1 can activate all FGFR splice variants including FGFR2b and
FGFR2c (Ornitz et al., 1996).

FGF2, either wild type or a stabilized mutant, is in clinical use for diabetic ulcer and burn
wound healing (Barrientos et al., 2014). FGF2 treatment of wounds promotes keratinocyte
EMT to accelerate wound closure (Koike et al., 2020). However, the stimulation of

EMT and fibrosis by FGFs is context-dependent and in a mouse model of pulmonary
fibrosis, intratracheal administration of recombinant FGF2 decreased fibrosis in part through
decreased collagen expression and decreased fibroblast to myofibroblast differentiation
(Dolivo et al., 2017; Koo et al., 2018). In FGFRI-amplified lung cancer, FGF2 promoted cell
proliferation, EMT, and metastasis through FGFR1-ERK1/2-SOX2 signaling (K. Wang, Ji,
etal., 2018).

FGF2 is protective for radiation-induced pulmonary EC apoptosis and subsequent radiation-
induced lung injury. To improve the delivery of FGF2 to pulmonary ECs, the lung EC
targeting peptide (LET) was fused to the FGF2 coding sequence (LET-bFGF) (Giordano

et al., 2008; Guan et al., 2018). Following intravenous injection, recombinant LET-bFGF
compared to native FGF2 preferentially accumulated in lung tissue and showed improved
protection against radiation-induced EC apoptosis (Guan et al., 2018).

Deletion of the N-terminal 26 amino acids of FGF2 resulted in a protein (F2 V2) that
retained the ability of the native protein to activate FGFR1, but significantly reduced its
ability to activate FGFR2, FGFR3, and FGFRA4. In oligodendrocyte regeneration, F2 V2
retained FGFR1-mediated mitogenicity without FGFR2 or FGFR3 mediated inhibition of
myelin production (Thummler et al., 2019).

Oleosin is a structural oil body membrane protein in safflower seed oil bodies. A fusion
protein of oleosin and FGF9 (Oleosin-rhFGF9) allowed production of oil body-bound
FGF9. Oil body-bound oleosin—-rhFGF9 was shown to promote both hair growth and wound
healing when applied topically (Cai et al., 2018).

Oral mucositis is a severe complication during chemo- and/or radiation therapy. Oral
mucositis can be prevented by treatment with recombinant FGF7 (Palifermin) (Raber-
Durlacher et al., 2013; Sadeghi et al., 2021).

In a mouse middle cerebral artery occlusion model, administration of FGF10 into the lateral
ventricle decreased brain infarct volume and neurological deficits and reduced neuronal cell
death and expression of inflammatory factors (TNF-a and IL-6) (Y. H. Li, Fu, Tian, et

al., 2016). In the lung, intratracheal delivery of FGF10 was shown to activate lung-resident
mesenchymal stem cells that are protective in a rat model of LPS-induced lung injury (Tong
etal., 2016). FGF10 was also protective in models of lung injury induced by particulate
matter, oleic acid, bacterial infection, ischemia—reperfusion injury, and ventilator-induced
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lung injury (Bi et al., 2014; Fang et al., 2014; Feng et al., 2016; L. Liu, Song, et al., 2020;
L. Liu, Xia, et al., 2019; Tenghao et al., 2019, 2020). FGF10, stabilized as a biodegradable
coacervate containing heparin was protective in a myocardial infarct model when injected
directly into the heart just after infarction. Free FGF10 with heparin showed no effect in this
model (Z. Wang, Huang, et al., 2021).

Striatal infusion of FGF18 improved outcomes in a rat model of Parkinson’s disease (Guo
et al., 2017). Infusion of FGF18 into joints has shown promising results for the treatment of
osteoarthritis (OA; McClurg et al., 2021; Xie, Zinkle, et al., 2020). This is discussed in more
detail as follows.

The therapeutic uses of endocrine FGFs (FGF15/19, 21, and 23) are discussed as follows.

5.2 Antibody agonists

The N-terminal D1 domain of FGFR1 negatively regulates ligand binding to the receptor.
A D1-specific monovalent antibody fragment can activate FGFR1 and its downstream
signaling cascades in the absence of ligand (Opalinski et al., 2017).

A monoclonal anti-FGFR1 antibody (R1IMADb1) activates FGFR1 in the kidney distal tubules
to normalized blood pressure and attenuate left ventricular hypertrophy in the Hyp mouse
model of excess FGF23 (X. Han, Ross, et al., 2018; Wu et al., 2013). The RLMAb1 antibody
may also activate FGF21 signaling pathways (Wu et al., 2011). Additional recombinant
bispecific antibodies have been developed that activate the FGFR1/BKlotho complex to
mimic the activity of FGF21 (discussed later) (Kolumam et al., 2015; Sonoda et al., 2017).

5.3 | Oligonucleotide aptamer agonists

Aptamers are short single-stranded DNA or RNA oligonucleotides that fold into a vast set
of tertiary structures depending on their unique primary structures. Aptamers can function as
molecular mimics of proteins including antibodies and can be used to enhance or suppress a
variety of molecular interactions (Adachi & Nakamura, 2019; Nakamura, 2018).

A DNA aptamer synthesized as a tandem dimer (TDO) was developed that binds FGFR1
and functionally mimics FGF2 receptor activation. The TDO aptamer could fully replace
FGF2 to support the self-renewal and pluripotency of iPSCs in short term, but not long term,
cultures (Ueki et al., 2019). Similarly, an RNA aptamer was developed that binds FGFR3
but not FGFR1 or FGFR2. As a monomer, this aptamer inhibits FGFR3 signaling; however,
when dimerized this aptamer is converted into a functional activator of FGFR3 signaling
(Kamatkar et al., 2019).

6| DEVELOPMENT OF FGF PATHWAY INHIBITORS AS
PHARMACEUTICALS

Monoclonal antibodies targeting FGFs and FGFRs, ligand traps (soluble FGFR ligand
binding domains), small-molecule FGFR inhibitors, and aptamers are being developed for
the treatment of a variety of genetic, metabolic, and oncologic human diseases (Table 2)
(Chioni & Grose, 2021; Grabner et al., 2015; Herbert et al., 2014; Ho et al., 2009; Liu et al.,
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2016; Ornitz & Itoh, 2015; Ornitz & Legeai-Mallet, 2017; Presta et al., 2017; Szymczyk et
al., 2021; Weaver & Bossaer, 2021). Among them, some medications including Burosumab,
Erdafitnib, and Pemigatinib have been approved for therapeutic use by the US Food and
Drug Administration (FDA).

6.1 | Inhibitors with FDA approval

6.1.1| Burosumab (anti-FGF23 antibody)—Increased expression of FGF23 is a
pathogenic feature of X-linked hypophosphatemia (XLH) and other conditions that cause
hypophosphatemia, including tumor-induced osteomalacia (T10), fibrous dysplasia of the
bone, and cutaneous skeletal hypophosphatemia syndrome (Dahir et al., 2020; Imel et al.,
2019). To treat these and related diseases, a neutralizing antibody for FGF23 (Burosumab,
previously KRN23) has been developed and is now FDA approved for treating XLH
(Carpenter et al., 2014, 2018; Insogna et al., 2018; Kutilek, 2017; Lamb, 2018; X. Zhang,
Imel, et al., 2016). Treatment with Burosumab improves biochemical abnormalities (serum
phosphate, alkaline phosphatase, and 1,25 (OH)2D levels), radiographic signs of rickets
(delayed growth, bow legs, weakness, and bone pain due to hypophosphatemia), growth,
fracture healing, and impaired mineralization in patients with XLH (Dahir et al., 2020;
Fukumoto, 2014, 2021; Gladding et al., 2021; Imel, 2021; Michigami, 2019; Schindeler et
al., 2020; Verbueken & Moe, 2021). In adults with TIO, Burosumab was associated with
improvements in phosphate metabolism and osteomalacia (Imel et al., 2015; Jan de Beur et
al., 2021; Whyte, 2021).

Increased FGF23 levels are a pathogenic feature of chronic kidney disease (CKD) (Czaya

& Faul, 2019). High serum levels of FGF23 are also a direct cause of left ventricular
hypertrophy (mediated by cardiomyocyte FGFR4) and are associated with increased
cardiovascular mortality (Faul, 2018; Grabner et al., 2015). In a rat model of CKD, blockade
of FGFRA4 attenuated cardiac hypertrophy, suggesting a therapeutic approach to cardiac
effects of CKD (Grabner et al., 2017). FGF23 blockade with Burosumab is being evaluated
as a therapy for cardiovascular complications of CKD (Balani & Perwad, 2020).

6.1.2 | Erdafitnib, Pemigatinib, and Infigratinib (small molecule FGFR
tyrosine kinase inhibitors)—Deregulation of FGF signaling pathways has been
implicated in many types of human cancers. Deregulation can occur at the level of gene/
protein expression of ligands or receptors, which can result from changes in transcriptional
activity or gene amplification. Deregulation can also result from mutations in FGF ligands,
receptors, or downstream signaling pathways (Katoh, 2016; Krook et al., 2021; Ornitz

& Itoh, 2015). Erdafitnib (JINJ-42756493), Pemigatinib (INCB054828), and Infigratinib
(BGJ398) are small molecule drugs with distinct molecular structures that block FGFR
signaling by inhibiting their intracellular tyrosine kinase activities. Erdafitinib was approved
for the treatment of locally advanced or metastatic urothelial carcinoma with FGFR2 and
FGFR3 alterations (Al-Obaidy & Cheng, 2021; Bansal et al., 2021; D’Angelo et al., 2020;
Hanna, 2019; Loriot et al., 2019; Nauseef et al., 2020; Perera et al., 2017; Roubal et al.,
2020). Pemigatinib and Infigratinib were approved for the treatment of unresectable or
metastatic cholangiocarcinoma with FGFR2 alterations (Hoy, 2020; Kang, 2021; Rizzo et
al., 2021).
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6.1.3| Potential adverse effects of FGFR inhibition—FGF23 is an endocrine
hormone that is primarily produced by osteocytes and signals to the kidney proximal
tubules through a heterodimeric receptor complex, comprising predominantly FGFR1

and its co-receptor aKlotho. FGF23 signaling suppresses urinary phosphate resorption

and suppresses circulating concentrations of 1,25-dihydroxyvitamin D. These and other
activities of FGF23 lead to decreased serum phosphate (Bacchetta et al., 2020; Erben, 2018;
Erben & Andrukhova, 2017; Ho & Bergwitz, 2021). In contrast, in aK/otho or Fgf23
deficient mice, levels of 1,25-dihydroxyvitamin D are increased causing hypercalcemia,
hyperphosphatemia, ectopic calcifications, impaired bone mineralization, and early lethality.
Similarly, mice that inactivate FgfrZ in proximal renal tubules showed increased sodium-
dependent phosphate co-transporter expression and hyperphosphatemia consistent with a
direct role of FGFR1 in mediating the proximal tubular phosphate responses to FGF23
(Han et al., 2016). Treatment of rats with a small molecule FGFR inhibitor (PD-0176067)
for 4 days resulted in increased levels of serum FGF23 and phosphate (Yanochko et al.,
2013). These and many other data suggest that inhibition of the FGF23-FGFR1 signaling
axis in the kidney proximal tubule would perturb phosphate homeostasis. Consistent

with this, the major reported adverse effects of treatment with Erdafitinib (median 5.3
months) or other FGFR inhibitors were hyperphosphatemia, musculoskeletal pain, increased
alkaline phosphatase, and metastatic calcinosis cutis (a dermatological condition caused by
widespread deposition of calcium phosphate in the skin) (Arudra et al., 2018; Carr et al.,
2019; Janssen_Pharmaceuticals, 2019; Markham, 2019). These and other adverse effects of
FGFR inhibition could limit their long-term use as cancer therapeutics.

In a recent study, Fgfr1 (or Fgfrland Fgfr2) was inactivated in mature osteoblasts and
osteocytes. Histopathological analyses show a striking loss of osteocytes and secondarily
increased bone characterized by increased periosteal apposition, increased and disorganized
endocortical bone with increased porosity, and biomechanical properties that reflect
increased bone mass but impaired material properties. These data identify a homeostatic role
for FGFRL1 signaling in mature osteoblasts/osteocytes that is directly or indirectly required
for osteocyte survival (McKenzie et al., 2019). It is not known whether therapeutic inhibition
of FGFR signaling could adversely affect the homeostatic properties of bone.

6.2 | The FGF/FGFR inhibitor pipeline

6.2.1| Small molecule inhibitors—A relatively large number of additional small-
molecule FGFR inhibitors have been developed and are being evaluated for genetic and
physiological diseases and cancer (Al-Obaidy & Cheng, 2021; Chioni & Grose, 2021;
Weaver & Bossaer, 2021). For example, in preclinical models, ASP5878 and Infigratinib
(BGJ398) show efficacy in a mouse model for Achondroplasia, which is caused by
activating mutations in FGFR3 (Komla-Ebri et al., 2016; Ornitz & Legeai-Mallet, 2017;
Ozaki et al., 2020). However, in a mouse model of pulmonary fibrosis, Infigratinib reduced
fibrosis, but also inhibited epithelial homeostasis and repair, leading to increased mortality
(Morizumi et al., 2020), demonstrating the need for more selective FGFR inhibitors or
cell-type-specific targeting.
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In human clinical trials, Infigratinib is being evaluated as a therapy for cholangiocarcinoma
(now FDA approved), advanced gastrointestinal stromal tumor, hepatocellular carcinoma,
and urothelial carcinoma with FGFR3 alterations, and TIO (Botrus et al., 2021; Hartley

et al., 2020; Kardoust Parizi et al., 2021; Kang, 2021; Kelly et al., 2019; Pal et al.,

2018; Prawira et al., 2021). ASP5878 is being evaluated for treatment of patients with
urothelial carcinoma, hepatocellular carcinoma, or squamous cell lung carcinoma (Futami
et al., 2017; Kikuchi et al., 2017; Yamamoto et al., 2020). ARQO087 (Derazantinib) is being
evaluated for intrahepatic cholangiocarcinomas with FGFRZ2 gene fusions (Mazzaferro et
al., 2019; Papadopoulos et al., 2017). In the case of hepatocellular carcinoma, resistance
to Infigratinib has been attributed to increased expression of Ip-ErbB2 and p-ErbB3
(Prawira et al., 2021). In gastric cancer cell lines, combination treatment with an FGFR
inhibitor and the multikinase inhibitor, regorafenib, delayed MAPK/ERK reactivation and
synergistically inhibited proliferation, circumventing acquired resistance to FGFR only
(Infigratinib, Erdafitinib, or TAS-120) inhibition (Lau et al., 2021).

To achieve long-term FGFR inhibition for cancer, irreversible covalent FGFR inhibitors

have the advantage of a longer effective half-life and possibly reduced adverse effects.
Futibatinib, Roblitinib, H3B-6527, Fisogatinib (BLU-554), TAS-120, and PRN1371, were
identified (Brameld et al., 2017; Fairhurst et al., 2020; Hatlen et al., 2019; Joshi et al.,

2017; Kalyukina et al., 2019; R. D. Kim, Sarker, Meyer, et al., 2019; Kommalapati et al.,
2021; Lee et al., 2021; Meric-Bernstam et al., 2021; Roskoski Jr., 2020; Venetsanakos et al.,
2017). These inhibitors target FGFRs by interacting with a cysteine residue within the kinase
domain active site.

Small molecule inhibitors derived from FGF2 binding peptides in thrombospondin-1
(THBSL) and long pentraxin-3 (PTX3; discussed earlier) show promise as antiangiogenic
drugs (Castelli et al., 2021; Foglieni et al., 2016; Pagano et al., 2012; Presta et al.,

2018; Ronca et al., 2017; Ronca, Giacomini, Di Salle, et al., 2015). Thrombospondin-1
based molecules are 7 bi-naphthalenic compounds and PTX3 based molecules are steroidal
derivatives with 1C50s in the low uM range (Castelli et al., 2021; Foglieni et al., 2016).

In KRAS-mutant lung cancer, treatment with the MEK inhibitor, Trametinib, leads to a
compensatory (adaptive resistance) increased FGFR1 signaling. Combining treatment with
Trametinib and the multikinase FGFR1 inhibitor Ponatinib synergistically inhibited cell
proliferation and FRS2 phosphorylation (Manchado et al., 2016).

6.2.2 | Peptide inhibitors—As discussed above, long PTX3 is an effective inhibitor
of tumor growth and angiogenesis (Ronca, Giacomini, Di Salle, et al., 2015). To generate
a potential pharmacological inhibitor, an N-terminal pentapeptide derived from PTX3 was
identified that binds FGF2 and FGF8b and inhibits their ability to form a ternary complex
with FGFR1 and HS and their ability to induce EC angiogenic activity (Giacomini et al.,
2015; Ronca, Giacomini, Di Salle, et al., 2015). Based on the binding properties of the
PTX3-derived FGF-binding pentapeptide with FGF2, a small-molecule steroidal derivative
(NSC12) was identified that functions as an extracellular FGF trap that blocks FGF2
receptor binding without interfering with heparin binding (Castelli et al., 2016; Ronca,
Giacomini, Di Salle, et al., 2015). Recently, NSC12 was shown to trigger mitochondrial
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oxidative stress, DNA damage, and apoptotic cell death via the proteasomal degradation of
c-Myc in multiple myeloma cells or xenografts (Ronca et al., 2020).

Inhibitory peptides can also be derived directly from ligand sequences. A 13 amino acid
peptide that mimics part of FGF8b inhibited the proliferation of prostate cancer cells and the
proliferation and migration of human umbilical vein endothelial cells (HUVECS) (Li et al.,
2013; Lin et al., 2017). When injected intracerebroventricularly (third ventricle), this peptide
inhibited endocrine FGF signaling (FGFs 15/19 and 21) and improved glucose tolerance (S.
Liu, Marcelin, et al., 2018).

A 72 amino acid peptide derived from the C-terminus of FGF23 was shown to block

its binding to the FGFR1-aKlotho complex (Goetz et al., 2010). This peptide was

effective at preventing FGF23 mediated anemia, iron deficiency (hypoferremia), and diabetic
nephropathy that are complications of CKD or inflammation (Agoro et al., 2018, 2021;

X. Zhang, Guo, et al., 2018). A FGF23 C-tail-Fc fusion protein similarly inhibits FGF23
binding and increases serum phosphate in a mouse model of hypophosphatemic rickets (Hyp
mouse) (Johnson et al., 2017). However, it has also been suggested that endogenous FGF23
C-terminal peptide is unlikely to inhibit FGF23 binding, as it is present in high levels in
humans with iron deficiency and FGF23 deficiency phenotypes (tumoral calcinosis) are not
seen in these patients (Johnson et al., 2017).

Two different 12 amino acid peptides that bind to and inhibit FGFR1 were identified and
shown to functionally attenuate cartilage loss in a mouse model for osteoarthritis (OA) and
in a xenograft model for tumor growth and angiogenesis (Tan, Chen, et al., 2018; Tan, Wang,
etal., 2018). A cyclic 10 amino acid peptide that binds the FGF1-FGFR1 interface was
identified by phage display and shown to inhibit FGF1 induced proliferation of BaF3 cells
that express FGFR1c (Lipok et al., 2019; Ornitz et al., 1996).

A 12 amino acid peptide (P3) that binds and inhibits FGFR3 was identified through
screening a phage library. The P3 peptide binds the extracellular domain of FGFR3 and
inhibits downstream signaling. In vivo, the P3 peptide was able to rescue the viability
of mice with the strong activating Thanatophoric dysplasia type Il (TDII) mutation (Jin
etal., 2012). The P3 peptide was able to inhibit FGFR3-mediated 9-cis retinoic acid
(9-cisRA)-stimulated lymphatic EC proliferation in vitro and 9-cisRA-induced tracheal
lymphangiogenesis in vivo (Perrault et al., 2019).

6.2.3| Protein and antibody inhibitors—Activation of FGFRs by congenital
mutation, acquired mutation, or FGF ligand expression, results in genetic diseases (e.g.,
Achondroplasia, craniofacial malformations, and craniosynostosis), metabolic disease, and
a variety of cancers (Acquaviva et al., 2014; J. Chen, Liu, et al., 2017; Desai & Adjei,
2016; Moosa & Wollnik, 2016; Narayana & Horton, 2015; Ornitz & Legeai-Mallet, 2017;
Shinmura et al., 2014). Monoclonal antibodies have been developed that target the FGFR
extracellular domain to inhibit ligand binding or receptor dimerization. Soluble FGFR
extracellular ligand binding domains function as ligand traps that sponge FGF ligands

and block their signaling to membrane FGFRs. The use of receptor-specific monoclonal
antibodies to FGFRs 2, 3, or 4 and soluble FGFR ligand traps have advantages over
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pan-FGFR tyrosine kinase inhibitors in that hyperphosphatemia, the main adverse effect
of FGFRL1 inhibition in the Kidney, is avoided. Additionally, antibody—drug conjugates are
being developed to target cancers that have increased expression of specific FGFRs.

Soluble extracellular domains of FGFR1c, FGFR2b, FGFR2c, and FGFR3c have been
developed as ligand trap inhibitors and have been evaluated in vivo (Blackwell et al., 2016;
Garcia et al., 2013; Goncalves et al., 2020; Liu et al., 2016; Saint-Laurent et al., 2018;
Tolcher et al., 2016). As an example, mesothelioma and other lung cancers express high
levels of FGF2 and FGFR1 (Marek et al., 2014; Wynes et al., 2014). A soluble Fc-FGFR1c
decoy receptor (GSK3052230) inhibited proliferation of mesothelioma cell lines in vitro and
decreased tumor-associated angiogenesis in vivo. Notably, the FGFR1 decoy receptor does
not bind endocrine FGFs and therefore should not affect phosphate homeostasis and other
endocrine FGF activities (Blackwell et al., 2016; Harding et al., 2013). In several Phase

I clinical trials with cancer patients, GSK3052230 was well tolerated in combination with
chemotherapy and did not show adverse effects such as hyperphosphatemia (Morgensztern
et al., 2019; Tolcher et al., 2016; van Brummelen et al., 2020).

Amplification of FGFR2b occurs in ~4%-5% of gastroesophageal cancers and triple-
negative breast cancers (Lei & Deng, 2017; Matsumoto et al., 2012; D. Wang, Yang,

etal., 2019). Several antibodies that block FGFR2 activation are in various stages of
preclinical to clinical development (Catenacci et al., 2019; S. T. Kim, Lee, Rom, et al.,
2019). Bemarituzumab (anti-FGFR2b monoclonal antibody) is in phase 11 clinical trials

for FGFR2b-overexpressing advanced gastroesophageal cancer (Catenacci et al., 2019,
2020). Aprutumab ixadotin uses an anti-FGFR2 antibody coupled to auristatin (microtubule-
disrupting agent). Though promising in patient-derived xenograft models, phase I clinical
trials in humans showed a variety of adverse effects, preventing further use (S. B. Kim,
Meric-Bernstam, Kalyan, et al., 2019).

Activating mutations in FGFR3 cause Achondroplasia, the most common form of dwarfism
in humans. Somatic activating mutations or amplification of FGFR3 are pathogenic for
several cancers including urothelial, CNS, multiple myeloma, and hepatocellular carcinoma
(Ardizzone et al., 2020; Chesi & Bergsagel, 2015; Ertl et al., 2020; Katoh & Nakagama,
2014; Paur et al., 2015). Several inhibitory FGFR3-specific antibodies have been developed
for use in cancers with amplified or activated FGFR3 (Casadei et al., 2019; Kamath et al.,
2012; Yin et al., 2016). In a mouse model for lung adenocarcinoma, the D11 anti-FGFR3
antibody was shown to inhibit tumor growth and tumor-induced mortality (Yin et al., 2016).
Another approach being used to block FGFR3 uses a decoy receptor consisting of a soluble
extracellular ligand-binding domain. In a mouse model for Achondroplasia injection of
soluble FGFR3 (Recifercept) was shown to increase skeletal growth and reduce visceral
obesity (Garcia et al., 2013; Goncalves et al., 2020; Saint-Laurent et al., 2018; Unger et al.,
2017).

Aberrant FGF15/19 signaling through FGFR4 has been identified as an oncogenic driver
for a subset of patients with hepatocellular carcinoma (Lu et al., 2019; Repana & Ross,
2015). In a xenograft model, monoclonal antibodies to FGF15/19 that bock its interaction
with FGFR4 prevented tumor growth (Desnoyers et al., 2008). However, high dose antibody
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caused gastrointestinal side effects due to increased bile acid synthesis and reduced uptake
(Pai et al., 2012). A monoclonal antibody that targets the N-terminus of FGF15/19 was
recently developed and found effective at inhibiting tumor growth without bile-acid-related
side effects (H. Liu, Zheng, et al., 2020). A monoclonal antibody that targets FGFR4 blocks
FGF23 induced left ventricular hypertrophy (Grabner et al., 2015, 2017).

A human anti-NCAM single-chain antibody fragment was shown to specifically bind
NCAM-expressing cells, interfere with NCAM-FGFR1 binding, and partially decrease
migration of a cancer cell line (Flego et al., 2021).

6.2.4| Oligonucleotide aptamer inhibitors—Oligonucleotide aptamers, introduced
above, are generally designed as inhibitors of protein—protein interactions (Nakamura, 2018,
2021). An RNA aptamer that binds FGF2 (RBM-007, APT-F2) has been shown to block

the interaction of FGF2 with all FGFRs and inhibit FGF2-induced downstream signaling.

A polyethylene glycol-conjugated (PEGylated) form of RBM-007 was shown to improve
the histopathological phenotype and clinical score in mouse and rat models of arthritis,
osteoporosis, and Achondroplasia (Jin et al., 2016; Kimura et al., 2021). RBM-007 showed
a strong analgesic effect (equivalent to morphine) in a mouse model of bone cancer pain
(Jin et al., 2016). RBM-007 also inhibited proliferation and induced apoptosis of an FGF2-
dependent lung cancer cell line in vitro (Hamamoto et al., 2018). In a mouse model for lung
adenocar-cinoma, cancer-associated fibroblasts (CAFs) were shown to express FGF2 and
support tumor growth. Aptamer inhibition of FGF2 in a co-culture of CAFs and tumor cells
resulted in decreased colony number and size, demonstrating the importance of CAF-derived
FGF2 (Hegab et al., 2019). In vivo, RBM-007 inhibited angiogenesis in an FGF2-induced
matrigel plug assay and in a laser-induced choroidal neovascularization (CNV) assay. In
addition, RBM-007 was effective in a CNV plus fibrosis model, making it a potentially
useful therapy for neovascular age-related macular degeneration (nAMD, often referred to
as “wet” AMD), which is currently treated with anti-VEGF therapies (Matsuda et al., 2019).
An RNA aptamer that binds FGF5 with high affinity was shown to inhibit FGF5-induced
cell proliferation, but not FGF2-induced cell proliferation. As mutations or knockout of Fgr5
results in abnormally long hair, this aptamer may be useful to enhance hair growth (Amano
etal., 2021; Hébert et al., 1994).

A DNA aptamer that binds to the extracellular domain of FGFR1 was combined with iron

oxide nanoparticles to produce aptamer superparamagnetic conjugates that selectively kill

FGFR1-expressing human osteosarcoma cells in the presence of magnetic field irradiation
(Jurek et al., 2017). Aptamers that bind to FGFR1 or FGFR3, that when dimerized activate
the respective receptors are described above.

7| INTRACELLULAR FGFS

Intracellular FGFs (iFGFs, also known as FGF homologous factors or FHFs; Figure 1a)
are essential regulators of neuronal and myocardial excitability. iFGFs lack a signal peptide
and are thought to function as intracellular proteins. The primary intracellular binding
partners of iFGFs are voltage-gated sodium (Nav) channels and the best characterized
activity of iFGFs is to regulate the activity of Nav channels. FGF14 or peptides derived
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from FGF14 directly interact with and regulate the activity of Nav channels (Ali et al.,
2016; Bosch et al., 2016; Laezza et al., 2007; Lou et al., 2005; Singh et al., 2021).

Though still controversial, other interacting proteins have been identified in various studies
including; 1B2 (MAPK8IP2, Mitogen-activated protein kinase 8-interacting protein 2), p-
tubulin, NEMO (NF-xB essential modulator), hypoxia-inducible factor-1a (HIF-1a), and
casein kinase 2 (CK2) (Dib-Hajj, 2016; Hoxha et al., 2019; Hsu et al., 2016; K. W. Lee,
Yim, et al., 2017; Ornitz & Itoh, 2015; Pablo & Pitt, 2016; Sun, Niu, et al., 2020; Q. Wang,
Yang, et al., 2021). In cardiac hypertrophy, expression and nuclear localization of FGF13
were increased. FGF13 was found to interact with and activate the p65 subunit of NF-x«,
which has been linked to the development of pathological cardiac hypertrophy (Sun, Niu,
et al., 2020). Conditional inactivation of Fgf13in cardiomyocytes resulted in a reduction

in peak Na+ channel current density and increased arrhythmia susceptibility in the setting
of Na* channel blockade (X. Wang, Tang, et al., 2017). In a recent study, FGF13 was
shown to modulate sodium channel function in dorsal root ganglion (DRG) neurons through
stabilization of microtubules (Q. Wang, Yang, et al., 2021). Following peripheral nerve
injury, lentiviral delivery of FGF13 was shown to improve motor and sensory functional
recovery and enhance axon elongation and remyelination (Li, Tao, Huang, et al., 2021).
Although the primary function of iFGFs involves modulation of Na+ channels, interactions
with other proteins are uncovering novel activities of this protein family.

iFGFs have a high degree of homology with canonical FGFs. Structural studies suggested
that differences in two conserved amino acid residues would greatly reduce the ability of
iFGFs to interact with FGFRs (Olsen et al., 2003). However, a recent study demonstrated
that recombinant FGF13 (FHF2) can induce proliferation of NIH3T3 cells in a heparin

and FGFR-dependent manner (H. Lin, Lu, et al., 2019). Another study showed that FGF12
(FHF1) internalization is protective against radiation injury, but independent of FGFRs
(Nakayama et al., 2014). A third study shows that FGF12 can bind to and activate all

four FGFRs (Sochacka et al., 2020). However, unlike with canonical FGFs, FGF12 was
not capable of stimulating cell proliferation in NIH3T3 cells or glucose uptake in L1-3T3
cells but was able to support cell survival of staurosporine-induced apoptosis in U20S-R1
cells. FGF12 contains a cell membrane penetrating peptide sequence and therefore could be
released from cells (Nakayama et al., 2011). Collectively, these studies suggest that FGF12
has a weaker but sustained ability to activate FGFRs.

8| MICRORNA REGULATION OF FGF SIGNALING

MicroRNAs (miRNAs) are small noncoding RNAs with approximately 21-24 nucleotides,
which function as posttranscriptional regulators of gene expression. miRNAS regulate
diverse biological processes including development, differentiation, cell proliferation, and
metabolism, as well as function in human diseases including metabolic diseases and cancers.
Many aspects of FGF signaling pathways are regulated by miRNAs (Ornitz & Itoh, 2015).
Recently, new functions for miRNA as modulators of FGF signaling have been reported.
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Embryonic development

miR-214 attenuates osteogenesis by inhibiting FGF signaling through FGFR1 indicating that
targeting miR-214 could be used as a potential therapy for the treatment of postmenopausal
osteoporosis (L. Yang, Ge, et al., 2016). Decreased expression of miR-195 promoted
chondrocyte proliferation and maintained chondrogenic phenotypes by increasing the
production of FGF18, indicating that the miR-195/FGF18 axis could be a potential target for
the treatment of cartilage lesions (Y. Wang, Yang, et al., 2017). miR-339, which is highly
expressed in the cardiovascular system, inhibits FGF2-induced proliferation of pulmonary
artery smooth muscle cells (PASMCs). FRS2 is a potential direct target of miR-339.

The biological role of miR-339 in regulating proliferation of PASMCs by targeting FGF
signaling provides new mechanistic insights into PASMC proliferation and pathogenesis of
pulmonary artery hypertension (J. Chen, Cui, et al., 2017).

miR-133a and miR-135a are involved in the inhibition of osteogenic factors including
runt-related transcription factor 2 (Runx2) and Smad5. Recombinant FGF18, released

from collagen membranes, promoted osteoblastic activity by decreasing the expression of
miR-133a and miR-135a to allow increased expression of osteogenic factors (Imamura et al.,
2018). Cyclic mechanical loading-induced osteogenic differentiation of human periodontal
ligament cells and decreased expression of endogenous miR-195-5p. In response to cyclic
tension strain, production of the miR-195-5p targets, WNT3A, FGF2, and BMPR1A was
increased, leading to osteogenic differentiation of periodontal ligament cells (Chang et al.,
2017).

The endoribonuclease DICER (DicerI) promotes the maturation of miRNAs. DICER
expression was elevated in neural crest progenitors where it promoted the maturation of

a set of cell-type-specific miRNAs that target components of the FGF signaling pathway that
are involved in neural induction. These studies showed that posttranscriptional attenuation
of FGF signaling by miRNAs is essential for neural crest induction (Copeland & Simoes-
Costa, 2020). Pleuropulmonary Blastoma (PPB) can lead to rare mesenchymal pediatric lung
cancers. In PPB, loss of expression of DICER in lung epithelium and subsequent loss of
miR-140 led to increased expression of FGF9 which promoted mesenchymal hyperplasia
which could predispose to mesenchymal oncogenic transformation (Yin et al., 2015).

Neuropathic pain

FGFR1 is expressed in dorsal root ganglia (DRG) neurons. FGF2 was shown to induce
Erk1/2 phosphorylation in nociceptive neurons and increased the current density of NaV1.8
channels leading to increased pain (Andres et al., 2013). Gabapentin is a y-aminobutyric
acid analog that is used as an anticonvulsant and is also an effective analgesic agent in
neuropathic and inflammatory pain (Cheng & Chiou, 2006). In a rat model for arthritis,
gabapentin was found to relieve arthritis pain (reduce the paw withdrawal reflex) by
increasing the expression of microRNA-15a in dorsal root ganglia. MicroRNA-15a was
shown to bind and suppress the 3" UTR of FGF2 and FGFR1 (D. Sun, Yang, et al., 2017).
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Metabolic diseases

Nonalcoholic fatty liver disease (NAFLD) includes pathologies ranging from uncomplicated
hepatic fat accumulation (steatosis) to a state of lobular inflammation and hepatocyte
ballooning, known as nonalcoholic steatohepatitis (NASH). Obesity and insulin resistance
are primary etiologies of NAFLD. Mice given a high-fat diet have increased expression of
miR-212 and miR-149, which were reduced by exercise. HepG2 cells (human hepatocellular
carcinoma cells) grown in the presence of long-chain fatty acids increased expression

of miR-212 and miR-149 and decreased expression of FGF21. miR-212 and miR-149
functioned to promote lipogenesis and suppress translation of FGF21 in HepG2 cells.
Inhibition of miR-212 or miR-149 reduced lipogenesis, and this effect was blocked

by knockdown of Fgf21. These data link the benefit of exercise and miR-212/149
downregulation to FGF21 production in preventing NAFLD (Xiao, Bei, et al., 2016; Xiao,
Lv, et al., 2016).

Diabetic retinopathy is a leading cause of acquired blindness. Protection of retinal ganglion
cells (RGCs) from high glucose-induced injury is a promising strategy for delaying diabetic
retinopathy. miR-145-5p is significantly increased in RGC-5 cells grown in the presence

of high glucose levels. Inhibition of miR-145-5p decreased expression of proinflammatory
cytokines and cell apoptosis and increased cell viability and proliferation and expression of
FGF5, a direct target of miR-145-5p. Knockdown of Fg75 partially reversed the protective
effects of miR-145-5p inhibition on RGC-5 cells (J. Zhang, Cui, & Xu, 2019).

Exposure of microvascular ECs to high glucose increased cell proliferation and decreased
expression of miR-144-3p. FGF16 is a direct target of miR-144-3p. miR-144-3p mimics
significantly inhibited high glucose-induced EC proliferation and MAPK activation by
suppressing FGF16 production (C. Chen, Zhao, Gu, Cui, & Wu, 2019). In a mouse model
for traumatic brain injury, FGF2 reduces neurofunctional deficits and preserves blood-brain
barrier integrity (Z. G. Wang, Cheng, et al., 2016). This results in part from FGF2 protection
against oxygen—glucose deprivation and reoxygenation-induced EC permeability (Lin et al.,
2018).

Tumorigenesis

Malignant gliomas are the most common tumor in the CNS. Glioblastoma multiforme
(GBM) is a highly invasive and aggressive type of malignant glioma and aberrant activation
of RTK signaling is one of the most frequent molecular alterations in glioblastoma (Jimenez-
Pascual & Siebzehnrubl, 2019). Invasive and migratory abilities of GBM cells and growth
of xenograft tumors were significantly inhibited by miR-186-5p, which directly targets and
suppresses expression of FGF2 and RelA. The miR-186-5p/FGF2/RelA pathway may be a
potential molecular target for the clinical treatment of GBM (F. Wang, Jiang, et al., 2017).
The level of miR-144 was decreased in higher grade glioma tissue and in glioma cell lines.
miR-144 suppressed glioma cell proliferation, sensitized gliomas to chemotherapeutics,
and inhibited metastasis through direct suppression of FGF7 and Caveolin 2 (CAV2). The
anti-tumor function of miR-144 was reversed by overexpression of FGF7 and CAV2 (Z. Q.
Liu, Ren, et al., 2020).
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Malignant pleural mesothelioma (MPM) is an aggressive malignancy. Expression of
miR-15/16 is decreased in MPM, and activation of miR-15/16 inhibited the growth of MPM
cell lines. Several FGFs (1, 2, and 18) and FGFRs (1 and 4) are direct targets of miR-15/16.
Activation of miR-15/16 increased sensitivity to FGFR inhibition, suggesting a potential
therapeutic combination strategy to treat MPM (Schelch et al., 2018).

FGF18 is overexpressed in primary gastric cancer (GC) samples and cell lines. FGF18

is a direct target of the tumor suppressor, miR-590-5p. Overexpression of FGF18 partly
abolished the tumor-suppressive effect of miR-590-5p (J. Zhang, Zhou, et al., 2019).
miR-5582-5p and miR-187 are significantly decreased in nonsmall cell lung cancer
(NSCLC) tissues and cell lines. Overexpression of miR-5582-5p and miR-187 inhibited
the proliferation and migration of NSCLC cells (Han et al., 2019; Liang et al., 2020).
miR-5582-5p binds to the 3’-untranslated region of FGF10and decreased the expression
of FGF10 in NSCLC cells. FGF10 expression is inversely correlated with the level of
miR-5582-5p and overexpression of FGF10 significantly reversed the inhibitory effect of
miR-5582-5p on the proliferation of NSCLC cells (Han et al., 2019). Similarly, miR-187
expression is lower in NSCLC and cancer cells. FGF9 is a target of miR-187 and miR-187
overexpression reduced the expression of FGF9, cyclin D1, CDK4, and CDKG6 (Liang et al.,
2020).

Fgfbpl is a direct target of miR-6887-5p in squamous cell carcinoma (SCC) cells.
Overexpression of miR-6887-5p in SCC cells inhibited cell proliferation and colony
formation in vitro, and inhibited tumor growth in vivo (Higaki et al., 2020).

9| LONG NONCODING RNA REGULATION OF FGF SIGNALING

Long noncoding RNAs (IncRNAs) comprising approximately 200 nucleotides or more can
function as posttranscriptional regulators of gene expression. INcCRNAs are involved in
diverse biological processes including development and disease (Chen & Shan, 2020). New
evidence for roles of IncRNAs in diverse FGF signaling has been reported.

9.1| Development

FGF2 is implicated in muscle satellite cell self-renewal and differentiation by repressing
MyoD. Overexpression of the INcRNA Linc-RAM (long intergenic noncoding-RNA
activator of myogenesis) rescues FGF2-induced inhibition of mouse myaoblast cell
differentiation indicating that inhibition of Linc-RAM is required for FGF2-mediated
suppression of myogenic differentiation (Y. Zhao, Cao, et al., 2018). The expression

of IncRNA-H19 is significantly increased in human dental pulp stem cells (hDPSCs)
undergoing odontoblastic differentiation and forced expression of H19 further promotes
differentiation. H19 binds and sequesters miR-140-5p and miR-140-5p to directly suppress
translation of Bmp2and Fgf9 mRNAs. Thus, H19 promotes odontoblastic differentiation of
hDPSCs by regulating the miR-140-5p/BMP2/FGF9 axis (Zhong et al., 2020).

InNcRNA-TUG1 (taurine upregulated gene 1) functions to promote osteogenic differentiation
of several cell types including tendon stem/progenitor cells. TUG1 was shown to interact
with FGF2 and promote the ubiquitination and degradation of FGF2 protein, which is
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necessary for osteogenic differentiation (Yu et al., 2020). During the differentiation of
adipose-derived stem cells (ADSCs) to ECs, TUG1, and FGF1 levels were increased. TUG1
was shown to interact with and suppress the expression of miR-143. Decreased miR-143 led
to increased expression of its direct target, Fgf, and increased markers of EC differentiation
(Xue et al., 2019).

The E3 ubiquitin ligase TRIM71/Lin41 promotes FGF/ERK signaling by binding and
enhancing the stability of Shc SH2-binding protein 1 (SHCBP1) in neural progenitor cells
(J. Chen, Lai, & Niswander, 2012). The Trincrl (TRIM71 interacting IncRNA 1) binds and
represses TRIM71/LIN-41. Knocking out Trincrl led to increased TRIM71, phosphorylated
ERKZ1/2, and ERK pathway target genes, and decreased embryonic stem cell self-renewal.
Ectopic expression of Trincrl repressed FGF/ERK signaling and the self-renewal of neural
progenitor cells (Y. P. Li, Duan, et al., 2019).

9.2 | Cardiovascular diseases

Vascular calcification (VC) is a pathological process commonly found in patients with
atherosclerosis, hypertension, and diabetes. INcRNA-SNHG29 inhibits vascular smooth
muscle cell (VSMC) calcification by downregulating miR-200b-3p to activate the
aKlotho/FGFR1/FGF23 axis (Huang et al., 2020). Vascular remodeling is a characteristic
pathological feature of hypertension. INcRNA-TUGL1 is highly expressed in the aorta of
spontaneously hypertensive rats. TUG1 was shown to bind and sequester miR-145-5p

to allow increased production of the miR-145-5p target, FgfZ0. TUG1 and FGF10 were
shown to promote the expression of p-catenin and activation of Wnt signaling, which
promoted the proliferation and migration of VMSCs in spontaneously hypertensive rats

(L. Shi, Tian, et al., 2018; Watson & Francavilla, 2018). Atherosclerotic lesion formation
results from vascular wall inflammation, damage to ECs, and dysregulated proliferation of
VSMCs. TUGL expression was increased in the aorta in a mouse model for atherosclerosis.
TUGL interacts with and suppresses miR-133a. In macrophage and VSMC cell lines,
overexpression of TUG1 decreased miR-133a, which led to increased expression of its direct
target, Fgf1, and increased cell proliferation. Inhibiting TUG1 may therefore protect against
the formation of atherosclerotic lesions (L. Zhang, Cheng, et al., 2018).

A correlation was observed between cardiac remodeling and IncRNA-FAF (FGF9-associated
factor) expression in the heart. Expression of FAF and FGF9 was decreased in hypoxic
cardiomyocytes and heart tissue after acute myocardial infarction. Overexpression of

FAF increased the expression of FGF9 and inhibited cardiomyocyte apoptosis induced

by ischemia and hypoxia (Shi et al., 2019). FAF was enriched in neonatal rat cardiac
fibroblasts. Increased FAF suppressed angiotensin Il-induced increased cell proliferation,
differentiation, and collagen accumulation in cardiac fibroblasts. FAF functioned to increase
TGFB1-P-Smad2/3 and FGF9 signaling in cardiac fibroblasts (J. Sun, Wang, et al., 2020).

TUGL expression was increased after acute myocardial infarction and knockdown of
TUGL reduced cardiac fibrosis following acute myocardial infarction. Inhibition of TUG1
decreased the proliferation, migration, and collagen | expression of TGFP1 treated cardiac
fibroblasts. TUG1 functioned to suppress miR-590-5p, which suppresses FGF1 production.
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Increased TUGL and resulting increased FGF1 were shown to promote cardiac fibrosis
following acute myocardial infarction (Q. Sun, Luo, et al., 2021).

Ischemia

Ischemia exerts a negative impact on mitochondrial function resulting in neuronal

damage. In a mouse model of ischemia-reperfusion (IR)-mediated hippocampal injury
expression of INCRNA-AKO005401 was increased and expression of FGF21 was reduced. The
resulting decreased PI3K/Akt signaling promoted reactive oxygen species (ROS) generation,
mitochondria dysfunction, and cell apoptosis. This pathology was attenuated by knockdown
of AK005401 (Wan et al., 2019).

InNcRNA-GUSBP5-AS is upregulated in endothelial progenitor cells (EPCs) of deep vein
thrombosis patients. GUSBP5-AS increased angiogenesis, proliferation, and homing ability
of EPCs to promote resolution and recanalization of thrombi in a mouse model of deep

vein thrombosis. GUSBP5-AS binds and sequesters miR-223-3p, which results in increased
expression of the FOXO1 transcription factor. FOXO1 expression in EPCs increased AKT
signaling and FGF2 and matrix metalloproteinase 2/9 expression (L. L. Sun, Lei, et al.,
2020).

Tumorigenesis

InNcRNA-MALAT1 and FGF2 were expressed in thyroid cancer tissues and in thyroid cancer
cell lines and tumor-associated macrophages (TAMs). MALAT1 was shown to promote
FGF2 secretion from TAMs. FGF2 inhibited inflammatory cytokine release, promoted
proliferation, migration, and invasion of follicular thyroid carcinoma (FTC133) cells,

and induced tumor angiogenesis (J. K. Huang, Ma, et al., 2017). IncRNA-RHPN1-AS1
expression was increased in cervical cancer tissues. RHPN1-AS1 promoted cervical cancer
progression by targeting the miR-299-3p/FGF2 axis. RHPN1-AS1 overexpression effects
on cell proliferation, growth, invasion, and migration in human cervical cancer (SiHa)

cells were attenuated by overexpression of miR-299-3p or inhibition of FGF2 (Duan et

al., 2019). IncRNA-HOXD-ASL is increased in cervical cancer tissues and higher levels

of HOXD-AS1 predict worse prognosis of cervical cancer patients. HOXD-AS1 functions
as a pro-oncogenic molecule by suppressing miR-877-3p and inducing FGF2 production
(Chen & Li, 2020). IncRNA-MTZLJP levels were significantly decreased in osteosarcoma
tissues. MT1JP and miR-646 overexpression inhibited the migration and invasion of
osteosarcoma cells and overexpression of MT1JP increased levels of miR-646, which
suppressed production of FGF2. FGF2 overexpression suppressed the effects of MT1JP
and miR-646 overexpression on osteosarcoma cell migration and invasion (L. Yang, Liu,
et al., 2020). Silencing of INcRNA-PCGEML repressed cell proliferation and migration and
promoted apoptosis in renal cell carcinoma. PCGEM1 binds and sequesters miR-433-3p.
Inhibition of PCGEML led to increased miR-433-3p, which suppressed production of FGF2
(Cai et al., 2020).

IncRNA-Linc00460 expression was increased in breast cancer tissue and correlated
with increased lymphatic metastasis and poor survival. Linc00460 binds and sequesters
miR-489-5p, which further suppresses Fgf7translation. Linc00460 promotes breast cancer
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progression partly through the miR-489-5p/FGF7/AKT axis to increase the expression of
FGF7 (Zhu et al., 2019). FGF9 levels were increased in muscle-invasive bladder cancer
(MIBC) tissues. IncRNA-AFAP1-AS1 promoted gastric cancer cell proliferation, migration,
and invasion by sequestering miR-155-5p and increasing levels of the miR-155-5p target,
FGF7 (Maet al., 2020).

IncRNA-LINCO01140 was positively correlated with FGF9 levels and was significantly
increased in muscle-invasive bladder cancer tissues. LINC01140 binds and sequesters
miR-140-5p, which suppresses FGF9 production. Increased FGF9 was shown to increase
the severity of the bladder cancer phenotype (Wu et al., 2020). INcRNA-H19 expression was
increased in small cell lung cancer (SCLC) tissue. Through inhibition of miR-140-5p, H19
increased FGF9 levels to promote SCLC progression (X. Li, Lv, et al., 2020). FGF9 may
additionally function to promote the transdifferentiation of lung adenocarcinoma to a SCLC
phenotype (Ishioka et al., 2021).

InNcRNA-SNHG16 expression was increased and associated with poor prognosis in
hepatocellular carcinoma. SNHG16 binds and sequesters miR-302a-3p. miR-302a-3p
suppresses the production of FGF19 in liver cancer cells. SNHG16 promoted liver cancer
cell proliferation by suppressing miR-302a-3p and increasing FGF19 (W. Li, Xu, et al.,
2019).

10| SELECTED TOPICS IN GENETICS, DEVELOPMENT, REGENERATION,
AND DISEASE

10.1 |

FGF signaling in genetic disease and roles in organogenesis have been reviewed recently
(Itoh & Ornitz, 2011; X. Li, Wang, Xiao, et al., 2016; Mossahebi-Mohammadi et al., 2020;
Ornitz & Itoh, 2015; Ornitz & Itoh, 2017; Turner & Grose, 2010; Xie, Su, et al., 2020). The
role of FGF signaling in tissue regeneration and repair has recently been reviewed (El Agha
etal., 2016; Farooq et al., 2021; X. Li, Wang, Xiao, et al., 2016; Maddaluno et al., 2017).
In the following sections, we focus on more recent advances in genetics, development, and
regeneration.

FGF regulation of stem cells pluripotency and differentiation

Pluripotent stem cells (PSCs) are self-renewing stem cells that, through communication
with their microenvironment, can differentiate into a variety of specialized cell types

that contribute to the development, maintenance, and regeneration of tissues and organs.
FGF signaling has important roles in maintaining PSC pluripotency and regulating PSC
differentiation (Lanner & Rossant, 2010). There are at least two states of embryonic

PSC pluripotency, naive, and primed (Nichols & Smith, 2009). Mouse embryonic stem
cells (mMESCs) are naive pluripotent cells; they resemble the pre-implantation epiblast and
have unbiased developmental potential. Human ESCs, human-induced PSCs (iPSCs), and
mouse post-implantation derived epiblast stem cells (mEpiSCs) are referred to as primed
PSCs; they resemble the post-implantation epiblast and show signs of lineage bias during
differentiation (C. Dong, Fischer, & Theunissen, 2019; Theunissen & Jaenisch, 2017).
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Several FGFs, including FGF2, FGF4, FGF6, FGF7, FGF8, and FGF9 have the capacity

to maintain the stemness of primed PSCs but induce differentiation of less mature naive
PSCs (Li & Belmonte, 2017; Mossahebi-Mohammadi et al., 2020). Spred? and Spred?,
genes that encode inhibitors of ERK/MAPK, are expressed in mESCs where they promote
self-renewal and inhibit mesodermal differentiation (Azami et al., 2018; Muhl et al., 2015).
In mEpiSCs, FGFR1 is stabilized by high levels of CDH2, and both proteins are required to
maintain pluripotency (Takehara et al., 2015). In vitro, FGF2 is commonly used to maintain
primed pluripotency in culture and withdrawal of FGF2 leads to ectodermal differentiation
(Haghighi et al., 2018). In vivo, FGF4 appears to be the endogenous key regulator of stem
cell pluripotency and differentiation (Lanner & Rossant, 2010).

Complete blockage of autocrine FGF signaling led to a homogeneous population of naive
PSCs (An et al., 2020). Conversion of human primed PSCs into less mature naive PSCs

is accompanied by genome-wide loss of methylation that includes loss of imprinting. High
levels of FGF signaling suppressed the extent of loss of imprinting during this conversion,
whereas low levels of FGF signaling promoted loss of imprinting (Keshet & Benvenisty,
2021).

10.1.1| FGF signaling in preimplantation development—In the blastocyst, the
inner cell mass (ICM) will differentiate into the epiblast (EPI), which gives rise to most
somatic and germ cells, and the primitive endoderm (PrE), which will form the yolk sac
(Kang et al., 2017). In the late-stage mouse blastocyst, Fgf4is expressed in PrE-biased
cells. Fgf4 gene inactivation shows that FGF4 is required for ICM proliferation and for the
formation of the PrE (Kang et al., 2013, 2017; Krawchuk et al., 2013; Molotkov et al.,
2017; Ohnishi et al., 2014). Modeling and experimental perturbation of lineage-restricted
cell composition in the blastocyst identified a gene regulatory network involving the
transcription factors Nanog and Gata6 and FGF4/Erk signaling to regulate the fate of
progenitors to robustly generate cell types in the correct proportions (De Caluwe et al.,
2019; De Mot et al., 2016). Direct analysis of ICM lineage specification at the single-cell
level shows that a consistent ratio of EPI and PrE lineages is achieved through incremental
allocation of cells from a common progenitor pool and that the lineage composition of

the ICM is conserved regardless of its size (Saiz et al., 2016). Mechanistically, changes in
the local concentration of FGF4 provide a basis for the adaptive abilities of the blastocyst
to coordinate fate decisions at the population level (Saiz et al., 2020). Using Fgf4 mutant
cells and an FGF signaling reporter (Spry4/%28-Venus) short-range FGF4 signaling was found
to constitute the minimal molecular mechanism underlying EPI and PrE lineage allocation
(Morgani, Saiz, et al., 2018; Raina et al., 2021).

FGFR1 and FGFR2 are potential receptors for FGF4. Fgfr1is expressed in all cell
populations of the blastocyst, while Fgfr2 expression becomes restricted to extraembryonic
lineages. Loss of Fgfrl and Fgfr2, or only Fgfrl, prevents the development of the PrE.
However, the activity of both receptors is required for lineage establishment within the
ICM. Thus, unique and additive activities of FGFR1 and FGFR2 within the ICM coordinate
establishment of two distinct embryonic lineages (Brewer et al., 2015; Kang et al., 2017;
Molotkov et al., 2017). Cells outside of the ICM give rise to the trophectoderm, and FGFR1
is required for differentiation of trophectoderm cells and maintenance of their polarity
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(Kurowski et al., 2019). PDGFRA signaling also interacts with FGFR1 and FGFR2 in PrE
development. FGFR2 and PDGFRA regulate PrE cell survival while FGFR1 controls PrE
cell specification (Molotkov & Soriano, 2018).

Activation of the MAPK/ERK signaling pathway is essential for the differentiation of

the ICM during mouse preimplantation development. ERK1/2 phosphorylation occurs in
ICM precursor cells, in differentiated PrE cells, as well as in the mature, formative state
epiblast. DUSP4 and ETV5 are often involved in negative-feedback regulation of the FGF
pathway. Whereas the presence of DUSP4 clearly depends on ERK phosphorylation in PrE
cells, ETV5 localizes mainly to EPI cells. ETV5 accumulation does not depend on direct
activation by ERK but requires NANOG activity. In pluripotent early EPI cells, NANOG
induces the expression of both FGF4 and ETVS5 to enable the differentiation of neighboring
cells into the PrE while protecting EPI identity from autocrine signaling (Azami et al.,
2019).

Human preimplantation development can be modeled in vitro with 2D micropatterned
and 3D gastruloids (Morgani & Hadjantonakis, 2020; Morgani, Metzger, et al., 2018).
BMP4 treatment of hESCs cultured on ECM microdiscs produced microcolonies termed
“gastruloids” with three prospective germ layers. Single-cell RNA sequencing identified
mesodermal cell populations that express FGFR1 and its downstream target SNAIL (Minn
et al., 2020). At the early time points of gastruloid development (0-12 h), FGF2, FGFR1,
and FGFR signaling antagonists, SPRY1, DUSP6, and CBL were expressed at high levels.
During differentiation (44 h) these FGF signaling components decreased, and FGF17
increased in mesoderm and endoderm along with expression of BMP, WNT, NODAL, and
HIPPO signaling components (Minn et al., 2021). Comparison of mouse gastrulation and
human gastruloids showed that mouse expresses high levels of Fg78 which is required

for cell migration, while human gastruloid mesenchyme expressed high FGF17and very
low FGF8 (Minn et al., 2020). Thus, although evolutionarily conserved pathways are used
to drive EMT and cell migration during gastrulation, specific components differ between
mouse and human.

10.1.2 | FGF signaling in adult stem cells—Adult stem cells are tissue-resident stem
cells with properties of self-renewal, maintenance of tissue homeostasis, and regeneration of
damaged tissue. FGFs are common components of the adult stem cell niche and function to
maintain quiescence and regulate self-renewal and differentiation (Coutu & Galipeau, 2011,
Keyes & Fuchs, 2018; Otsuka et al., 2021).

Comparison of the effects of different growth factors on the differentiation of neuronal
stem cells that were isolated from rat adult dorsal root ganglia showed that FGF2 was a
much stronger inducer of glial differentiation compared to nerve growth factor (NGF) and
neuregulinl-p (NRG1-p) (Gu et al., 2014).

Human primary synovium-derived stem cells showed increased glycosaminoglycan
deposition, pellet size, and chondrogenic gene expression when treated with FGF2
and grown in chondrogenic differentiation medium and increased calcium deposition
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and alkaline phosphatase activity when treated with FGF2 and grown in osteogenic
differentiation medium (Pizzute et al., 2016).

Muscle stem cells (satellite cells) are lost with aging, leading to impaired muscle
regeneration. Increased FGF signaling in the satellite cell niche led to loss of quiescence,
satellite cell depletion, and diminished regenerative capacity; and inhibition of FGFR1 in
satellite cells prevented their depletion (Chakkalakal et al., 2012).

In the lung, FGF10 is expressed in several epithelial stem cell niches, and through signaling
to FGFR2b, FGF10 maintains stem cell populations and activates stem cells in response to
injury (Volckaert & De Langhe, 2014; Watson & Francavilla, 2018). For example, type 1l
alveolar epithelial cells (AEC2s) are stem cells that can regenerate type I alveolar epithelial
cells (AEC15s) in response to alveolar injury. Inactivation of FGFR2 in adult AEC2s led to
fewer AEC2s, decreased surfactant protein C (Sfipc) gene expression, increased alveolar
diameter, increased collagen deposition, and, in response to injury, increased mortality
(Dorry et al., 2020).

Bone marrow-derived mesenchymal stem cells (BMSCs) are discussed as follows.

10.2 | Regulation of body axis elongation and segmentation

The establishment of the vertebrate body plan requires body axis elongation from a posterior
growth zone. This growth zone generates the presomitic mesoderm (PSM). The anterior
region of the PSM periodically segments into somites that flank the neural tube. Early
studies demonstrated that FGF activity was required for this process and suggested that
FGF8 was the principal signaling ligand (Dubrulle et al., 2001; Sawada et al., 2001).
However, PSM-specific Fgr8inactivation in mice revealed no axis defect (Perantoni et al.,
2005). Furthermore, inactivation of the Fgrgsubfamily (Fg78, Fgrf17, and Fgfi8) resulted
in only a subtle effect on somite size, but, surprisingly, a significant effect on closing the
ventral body wall (Boylan et al., 2020). Concurrent inactivation of both Fgf4and Fgf8
revealed that both ligands act redundantly to maintain the posterior growth zone (Benazeraf
& Pourquie, 2013; Boulet & Capecchi, 2012; Naiche et al., 2011). At early somite stages
(E8.5), Whnt3ais expressed in the ectodermal layer of the primitive streak and is also
required to maintain the posterior growth zone (Benazeraf & Pourquie, 2013; Boulet &
Capecchi, 2012; Naiche et al., 2011). At this stage, Wnt8ais expressed throughout the
epiblast and primitive streak (Cunningham et al., 2015). Although in mammals Wnt3ais
most important, mice lacking Wnit3aand Wnit8a demonstrate that these Wnts cooperate to
maintain Fgf8expression and prevent premature Sox2 upregulation in the axial stem cell
niche (adjacent to the tailbud) (Cunningham et al., 2015). Thus, redundancy in FGF and
WNT signaling components maintains the posterior growth zone.

In mouse, FGF8 and FGFRL1 are required for posterior mesoderm patterning during
gastrulation (Deng et al., 1994; Sun et al., 1999; Yamaguchi et al., 1994). However, in
zebrafish, fgf8a and fgf24 are both required for posterior mesodermal development and their
loss results in shortening of the embryonic axis (Draper et al., 2003). Additional redundancy
was also found for FGFRs where posterior mesoderm development requires zygotically
expressed fgfrla and fgfrib, and maternally expressed fgfrla (Leerberg et al., 2019).
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As cells progress to the PSM they no longer synthesize Fgf8 mRNA and the decay of

Fgf8 mMRNA (and potentially Fg74) establishes a decreasing posterior to anterior gradient

of FGF signaling (Dubrulle & Pourquie, 2004). This FGF gradient is established in part by
direct suppression of Fgf&transcription by retinoic acid (RA) (Kumar et al., 2016; Kumar &
Duester, 2014). This FGF gradient controls elongation by maintaining a posterior-to-anterior
random cell motility gradient in the PSM (Benazeraf & Pourquie, 2013). Interestingly,
increased cell mobility is dependent on increased glycolytic activity which is regulated by
the level of FGF signaling (Oginuma et al., 2017). MBTPS1/SKI-1/S1P (membrane-bound
transcription factor protease, subtilisin kexin isozyme-1, or site 1 protease) is an auto-
catalytically activatable member of the proprotein convertase family of serine proteases that
activates a small family of bZIP transcription factors. Conditional inactivation of Mbips1

in PSM leads to complete loss of Fgf&expression in the PSM and axial truncation. Loss

of Fgf8expression is consistent with elevated apoptosis in the PSM and axis elongation
phenotypes (Achilleos et al., 2015).

Progressing anteriorly, segmentation of the PSM forms the somites, which will form the
vertebral column and associated body segments containing muscle, connective tissue, and
dermis. Although both Fgf4and Fgf8are required for PSM elongation, only Fgf4is required
for actual somitogenesis, where it maintains Notch oscillatory activity through maintaining
Hes7 levels. Fgf4 may be important for some human segmentation defects associated with
impaired Notch oscillations (Anderson et al., 2020). Vertebral defects due to gestational
hypoxia are thought to be caused by a sensitivity of FGF signaling to a drop in oxygen
during mid-gestation (8 h at E9.5), and FGF4 may be a component of this oxygen-sensing
machinery (Anderson et al., 2020; Sparrow et al., 2012).

The vertebrate spinal cord is also patterned in all three embryonic axes. FGF3 activity from
the PSM regulates caudal neural tube BMP signaling that in turn regulates neural crest
formation, neural pore closure, and cessation of axis extension (Anderson, Schimmang,

& Lewandoski, 2016). FGF and RA signaling have been shown to regulate Hox gene
expression in the developing neural tube (Leung & Shimeld, 2019).

In the hindbrain, FGF3, FGF8, and RA signaling from hindbrain primordia are essential
for setting up the initial identities of hindbrain segments (rhombomeres) by regulating the
expression of transcription factors such as Krox20that control segment identity (Frank

& Sela-Donenfeld, 2019; Parker et al., 2016). In recent studies, rhombomeres 2 and 4
were found to function as temporally dynamic signaling centers that use FGF to regulate
the expression of Ephrin type-A receptor 4 (EphA4) independent of Krox20 in adjacent
rhombomeres 3 and 5 (Cambronero et al., 2020).

Invertebrate morphogenesis and regeneration

10.3.1| Cnidarian (Hydra)—The freshwater cnidarian polyp, Hydra, contains
evolutionarily conserved signaling pathways including FGFs (Ghaskadbi, 2020). At least
five Fgfgenes have been identified in Hydra, and expression studies show localization to
boundary regions and tentacle tips (Lange et al., 2014).
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Hydra reproduces by budding (an extreme case of morphogenesis). Bud formation can occur
in the absence of FGFR signaling; however, separation of adjacent epithelial cells and bud
detachment requires FGFR signaling (Hasse et al., 2014). Mechanistically, FGFR signaling
controls a Rho-ROCK-myosin Il pathway that regulates cell shape changes required for bud
detachment (Holz et al., 2017). Hydra has a remarkable ability to regenerate. Phylogenetic
analysis identified Hydra sequences with significant similarity to vertebrate FGF1 and
FGFR1. Pharmacological inhibition of FGFR1 or VEGFR2 delayed head regeneration and
reduced expression of head- and tentacle-specific marker genes (Turwankar & Ghaskadbi,
2019).

10.3.2| Platyhelminthes (Planaria)—Planaria contain two FGFRs and a homolog of
FGFRL1 (ndl-3). NdI-3 is expressed in the trunk region and functions with wntP-2 and

ptk7 to suppress posterior trunk expansion (Lander & Petersen, 2016). Single-cell RNA
sequencing revealed two distinct FGFRL-Whnt circuits with juxtaposed anterior FGFRL and
posterior Wnt expression domains that control planarian head and trunk patterning (Scimone
et al., 2016). Djfgf, a Fgfgene in Dugesia japonica, encodes a putative secreted protein

with a core FGF domain. Djfgf expression was highly induced during head regeneration
compared to tail regeneration (Auwal et al., 2020).

10.3.3| Arthropod (Drosophila)—Drosophila contains three FGF ligands, branchless
(Bnl), pyramus (Pyr), and thisbe (Ths) and two FGF receptors, breathless (Btl), and heartless
(Htl) (Huang & Stern, 2005; Shilo, 2014). Mutations in the Drosophila FGF signaling
pathway generally disrupt mesoderm cell migration and differentiation by controlling

cell shape and adhesion. During gastrulation, FGFR signaling (Htl) regulates multiple
properties of mesodermal cells to facilitate collective migration. These include mesoderm
tube collapse, cell protrusions, suppression of adherens junction number, and promotion

of mesoderm cell division (J. Sun, Macabenta, et al., 2020). Fog elicits cell-shape change
during gastrulation through the G-protein-coupled receptors Mist and Smog. FGFR (Htl)
interacts synergistically with Smog to suppress Fog signaling (Shweta et al., 2021).

The FGF ligand branchless (Bnl) signals to breathless (Btl) to provide an essential
developmental cue for tracheal cells (Shilo, 2016). In tracheal cells, FGF signaling can

act as a chemoattractant to promote collective cell migration (Lebreton & Casanova, 2016).
At the tracheal tip, two cell fates respond differentially to FGF signals. Tip cells are attracted
by FGF while fusion cells are repelled (Miao & Hayashi, 2015, 2016). FGF signaling also
induces the expression of the spectraplakin Short-stop (Shot) in cells undergoing the initial
steps of subcellular branching. Shot promotes interaction between microtubules and actin,
which is required for the extension and guidance of the subcellular lumen within the tracheal
tip cell cytoplasm (Ricolo & Araujo, 2020).

In flight muscle, regulated subcellular FGF (Bnl) trafficking controls tracheal cell invasion
into T-tubules that are required to meet the high oxygen demands of this tissue (Peterson
& Krasnow, 2015). Drosophila mechanosensory neurons express the breathless (Btl)
FGFR which regulates axonal branch number and length (Dos Santos et al., 2019).

In the Drosophila hematopoietic lymph gland, FGF (6n/), produced by vascular cells,
activates FGF signaling in hematopoietic progenitors to maintain the progenitor pool and
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prevent blood cell differentiation (Destalminil-Letourneau et al., 2021). Damage to the
intestinal epithelium or tumors increases FGF (Bnl) expression in the intestinal epithelium
and reactive oxygen species that stabilize hypoxia-inducible factor-1a (HIF-1a.) in gut-
associated terminal tracheal cells (TTC). HIF-1a upregulates FGFR (Btl) expression in
TCC, which, in response to FGF (Bnl), leads to vascular remodeling and indirectly to
intestinal stem cell proliferation (Perochon et al., 2021; Tamamouna et al., 2021).

10.3.4| Ascidian (Ciona intestinalis)—In Ciona, “mesendoderm” precursors give
rise to part of the endoderm and mesoderm. Foxa.a, Foxd, and Fgf9/16/20 are transcriptional
targets of B-catenin and are required for the correct initiation of both the mesoderm and
endoderm gene regulatory networks. The combinatorial activity of these three factors is
sufficient to produce a mesendoderm ground state that can be further programmed into
mesoderm or endoderm lineages (Hudson et al., 2016).

FGF and Nodal signals specify lateral and ventral neural progenitors and control cellular
behaviors underlying morphogenesis of the neural tube (Navarrete & Levine, 2016). FGF-
responsive Ets family transcription factors differentially pattern neural plate medial and
lateral lineages with partially redundant function (Gainous et al., 2015). At later stages of
nervous system development, FGF signaling directs pigment cell identity at the expense of
anterior neural fates (Racioppi et al., 2014).

In the presumptive notochord, Ets family transcription factors regulate the expression of
Brachyury through two distinct enhancers. These enhancers drive qualitatively similar
expression patterns but show quantitatively distinct responses to FGF. Together these
enhancers drive high levels of Brachyury expression with a characteristic input/output
relationship (Harder et al., 2021). Vegetal FGF signaling was shown to regulate Foxa.a
expression in the notochord, which directly activates Brachyury expression (Reeves et al.,
2021). Single-cell RNA sequencing of Cionaembryos treated with the MAPK inhibitor
U0126 showed that most FGF-dependent cell bifurcations were translated to the sibling cell
type revealing that most cell fate decisions were dependent on MAPK signaling through the
Ets family transcription factor EIk1/3/4 (Winkley et al., 2021).

In the development of bipolar tail neurons, early FGF signaling is required for Neurog
expression and bipolar tail neuron specification. At later stages, Fg78/17/18 expression in tail
tip cells suppresses sustained Neurog expression in the adjacent anterior bipolar tail neuron
allowing the more distal cell to maintain Neurog expression and become a neuron (K. Kim,
Gibboney, et al., 2020).

In cardiopharyngeal development, differential FGF—-MAPK signaling distinguishes between
heart and pharyngeal muscle precursors (Razy-Krajka et al., 2018).

Cardiovascular system

10.4.1| Heart development—Contracting muscular tubes and primitive hearts are
found throughout the animal kingdom, and FGF signaling has been identified as a key
pathway that drives the cardiac fate (Ahmad, 2017; Dobrzycki et al., 2020; Poelmann &
Gittenberger-de Groot, 2019). In mammalian development, multiple studies have identified
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essential roles for FGF signaling in early specification, differentiation, and morphogenesis
of the heart (Itoh, Ohta, et al., 2016; Khosravi et al., 2021). FGFs that function as paracrine
growth factors during embryonic heart development include FGFs 3, 8, 9, 10, 15/19, and 16
(Dong et al., 2021; Hubert et al., 2018; Itoh, Ohta, et al., 2016; Meganathan et al., 2015;

S. Wang, Li, et al., 2018). In mammals, Notch and FGF8 signaling are required for second
heart field (SHF) development, which is required for the formation of the right ventricle and
outflow tract. One of the Notch ligands, Delta-like ligand 4 (DII4), is expressed in the SHF
and was shown to regulate Fg78expression. Mice heterozygous for Fgf8and D//4 showed
defects in outflow tract alignment (De Zoysa et al., 2020). Transient gestational hypoxia
decreases FGF signaling (Sparrow et al., 2012). Reporters of FGF signaling, Spry1, Spry2,
and Spry4, were reduced in the SHF after 8 h exposure to hypoxia at E9.5, resulting in
congenital heart defects (Shi et al., 2016).

In humans, damaging mutations in FGF8and FGFI10are associated with conotruncal
defects, consistent with the expression of FGF8and FGF10in the outflow tract during
human embryonic development (Zhou et al., 2020). During late embryonic development in
the mouse, FgfZ0 mRNA and protein were preferentially expressed in the right ventricle
compared to left ventricle. Analysis of sorted cells showed expression of FgfZ0and its
receptor, Fgfr2b, in cardiomyocytes, but not in fibroblasts. £gfZ07/~ embryos showed
reduced thickness, proliferation, and increased expression of p27kiP1 in the right ventricular
wall compared to the left ventricular wall suggesting autocrine FGF10 signaling (Rochais et
al., 2014). In zebrafish, inhibition of FGFR signaling after the onset of atrial and ventricular
differentiation led to ectopic expression of atrial genes in the ventricle. FGF signaling was
shown to function upstream of Nkx transcription factors which are important for specifying
ventricular identity (Pradhan et al., 2017).

In chicken embryos, inducing left ventricular pressure overload resulted in increased Fgf2
MRNA expression in the heart, increased levels of FGF2 in the serum, and increased
myocyte proliferation. Pharmacological inhibition of FGFR signaling decreased myocyte
proliferation and resulted in epicardial hemorrhages (Krejci et al., 2016).

In zebrafish, inactivation of the endocardial transcription factors, Kruppel-like factor 2a

and 2b (K/f2a, KIf2b), results in abluminal extrusion of cardiomyocytes. K/£2 mutants

had reduced expression of FGF ligands and receptors, and pharmacological inhibition of
FGFR signaling resulted in a similar cardiomyocyte extrusion phenotype. These data suggest
that FGF signaling is required downstream of KLF2 to maintain myocardial wall integrity
(Rasouli et al., 2018).

10.4.2| Blood and lymphatic vasculature—The blood and lymphatic vasculatures
are involved in the maintenance of tissue oxygenation and fluid homeostasis. Assembly

of these vascular networks involves sprouting, migration, and proliferation of ECs. ECs
closely associated with pericytes in the capillaries and VSMCs in larger vessels (Lilly, 2014;
Sweeney & Foldes, 2018). Complex interactions between ECs and VSMCs regulate vascular
physiology and response to injury.
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In addition to well-established regulation by vascular endothelial growth factor (VEGF),
ECs are also highly responsive to FGF signaling. ECs express high levels of the ¢ splice
variants of Fgfrl and Fgfr3, lower levels of Fgfr2, and little or no Fgfr4 (Antoine et al.,
2005; De Smet et al., 2014; Oladipupo et al., 2014; X. Yang, Liaw, et al., 2015; Y. Yang,
Haeger, et al., 2017; P. Yu, Wilhelm, et al., 2017). ECs express canonical FGFs (FGFs 1, 2,
5,7, 8, 16, and 18) and iFGFs (iFGFs 11 and 12) (Antoine et al., 2005; De Smet et al., 2014;
Domouzoglou et al., 2015; Oladipupo et al., 2014; Seo et al., 2016; X. Yang, Liaw, et al.,
2015; P. Yu, Wilhelm, et al., 2017). The expression of canonical FGFs in ECs is a potential
source of autocrine signaling. In addition to FGFRs 1-3, canonical FGFs, and iFGFs, ECs
express BKlotho, enabling endocrine FGF21-FGFR1/BKlotho signaling (J. Chen, Hu, et al.,
2018; Domouzoglou et al., 2015; W. Huang, Shao, et al., 2019; Yaqoob et al., 2014).

FGF11, a member of the iFGF subfamily (Figure 1a) is induced by hypoxia. Overexpression
of FGF11 in human umbilical vein endothelial cells (HUVECS) stimulated capillary-

like tube formation and expression of tight junction proteins but did not affect cell

migration (J. Yang, Kim, et al., 2015). Interestingly, FGF12, another member of the

iFGF family, is required for maintaining the quiescent and contractile phenotypes of
VSMCs. FGF12 inhibited cell proliferation through the p53 pathway and induced

VSMC lineage differentiation through the p38 MAPK pathway (Song et al., 2016).

BMP signaling suppresses pathological VSMC proliferation and promotes differentiation.
FGF12 expression is induced by BMP signaling and is necessary for the BMP-regulated
maintenance of the quiescent and differentiated phenotype of human pulmonary arterial
VSMCs. FGF12 was found to regulate the effects of BMP signaling on VSMCs by inducing
MEF2a (myocyte enhancer factor 2a) phosphorylation via p38MAPK signaling (Yeo et al.,
2020). It is not known whether FGF11 and FGF12 are signaling through FGFRs or through
other mechanisms to mediate these effects on ECs and VSMCs.

VSMCs express FGFs 1, 2, 5, 8, 16, and 18, high levels of Fgfr1, low levels of Fgfr2

and Fgfr3, and high levels of Fgfrl1 (Antoine et al., 2005; P. Y. Chen, Qin, et al.,

2016a). In response to FGF2, VSMC TGFp signaling was decreased leading to a switch
from a contractile to a proliferative phenotypic (P. Y. Chen, Qin, et al., 2016b). FGFs

and TGFp thus contribute to developmental and pathophysiological interactions between
ECs and VSMCs. FGF12 was expressed at high levels in contractile VSMCs. FGF12
induces a quiescent and contractile VSMC phenotype and directly promoted VSMC lineage
differentiation. These effects required p38 MAPK signaling, but it is not known if FGFR
activation is involved (Song et al., 2016).

Angiogenic FGFR signaling: In zebrafish development, inhibition of FGFR signaling with
a highly specific multi-FGFR allosteric inhibitor impaired vascular outgrowth and branching
and caused a loss of structural integrity of existing vessels (De Smet et al., 2014).

In mice, inactivation of Fgfr1and Fgfr2in ECs did not affect vascular development but

did impair injury-induced angiogenesis (Oladipupo et al., 2014). In contrast, mice lacking
endothelial Fgfr1and Fgfr3showed defects in blood and lymphatic vasculature. These
defects were similar to those seen with endothelial loss of the glycolytic enzyme hexokinase
2 (Hk2), and overexpression of Hk2 partly rescued the defects caused by loss of EC FGFR
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signaling. These data indicate that FGF-dependent regulation of endothelial glycolysis is
critical for developmental and adult vascular growth (P. Yu, Wilhelm, et al., 2017).

Bone morphogenetic protein EC precursor—derived regulator (BMPER) is a secreted
glycoprotein that enhances BMP signaling. BMPER can enhance the angiogenic response

of ECs and is required for coronary vascular remodeling (Esser et al., 2015). The effects of
BMPER on ECs are mediated by increased expression of FGF2 and activation of the FGF
signaling pathway and decreased expression of thrombospondin-1, which has antiangiogenic
properties (Esser et al., 2015).

Endothelial to mesenchymal transition: Developmental, reparative, and pathological
angiogenesis often involve vascular remodeling, a process that involves proliferation and
migration of ECs and VSMCs and conversion of ECs into a multipotent mesenchymal
progenitor that can then form VSMC or other mesenchymal cell types, a process referred

to as endothelial to mesenchymal transition (EndMT). In addition to physiological effectors,
such as hypoxia and shear stress, TGFp and FGFs are signaling molecules that regulate
EndMT (Akatsu et al., 2019; Chen et al., 2014; Good et al., 2015; Leopold & Maron, 2016;
Sanchez-Duffhues et al., 2018; Simons, 2021; Woo et al., 2021; Xiao & Dudley, 2017).
TGFB2 promotes EndMT by activating canonical SMAD2/3 and noncanonical pathways
(Leopold & Maron, 2016). TGFp mediated EndMT is inhibited by FGFR signaling.
Knocking down the adapter protein FRS2 in human umbilical artery endothelial cells
(HUVECS) caused an increase in the production of the smooth muscle cell markers, aSMA
(ACTAZ2), and vimentin (VIM) (P. Y. Chen, Qin, et al., 2012). EndMT associated with
atherosclerosis is enhanced by EC-specific knockout of Fgfr1 or Frs2 (P. Y. Chen, Qin, et al.,
2015; Chen et al., 2014). EndMT associated with hypoxia-induced pulmonary hypertension
is increased by EC-specific knockout of Fgfr1/2and reduced by EC-specific expression of a
constitutively active FGFR1 (Woo et al., 2021). These studies show that EC FGF signaling
limits EndMT through inhibition of EC TGF signaling. In support of this mechanism, in
tumor-associated ECs, FGF signaling inhibits TGFp-induced endothelial-to-myofibroblast
transition, a form of EndMT (Akatsu et al., 2019).

The endogenous tetrapeptide, N-acetyl-seryl-aspartyl-lysyl-proline (AcSDKP) generated
from thymosin p4 inhibits EndMT through induction of FGFR1 and KLB in ECs (R.
Gao, Kanasaki, et al., 2019). AcSDKP and FGF21 synergize to suppress EndMT (R. Gao,
Kanasaki, et al., 2019; J. Li, Shi, et al., 2017). Inactivation of EC FGFR1 or KLB blocked
the ability of AcSDKP to inhibit EndMT (R. Gao, Kanasaki, et al., 2019; J. Li, Liu, et al.,
2020).

Atherosclerosis: Atherosclerosis is a chronic metabolic disease of the arteries that leads

to multifocal plaque development. In high-fat diet (HFD)-fed apolipoprotein E deficient
(ApoE~") mice, an in vivo model of atherosclerosis, the parenteral administration of

FGF1 facilitates the progression of atherosclerosis, with increased expression of PPARa
and inflammatory cytokines (J. Han, Du, et al., 2018). In HFD-fed ApoE~~ mice,
inactivation of Fgf2 (18 kDa isoform) attenuated the progression of atherosclerosis by
reducing aortic plaques, macrophage infiltration, and oxidative stress. These data suggest
that FGF2 worsens inflammatory reactions that promote atherosclerosis (W. Liang, Wang, et
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al., 2018). In contrast, in HFD-fed ApoE£ ™~ mice, phosphorylation of hepatic farnesoid

X receptor by FGF15/19 signaling maintained serum cholesterol levels and protected
against atherosclerosis (Byun et al., 2019). In patients with type 2 diabetes (T2D), serum
FGF15/19 levels are independently and inversely associated with arteriosclerosis parameters,
supporting a protective role for serum FGF15/19 in atherosclerosis progression (W. S.

Liu, Tang, et al., 2020). FGF21 also mitigates atherosclerosis in HFD-fed ApoE~~ mice
(Maeng et al., 2020). FGF21 also reduced Fas-mediated apoptosis induced by oxidized
LDL in HUVECs and in ApoE~~ mice (Yan et al., 2018). However, in patients with T2D,
serum FGF21 levels correlate with carotid intima-media thickness and were predictive of
subclinical atherosclerosis (Yafei et al., 2019), and serum FGF23 levels were independently
and positively correlated with lower extremity atherosclerotic disease (He et al., 2017). In
patients with gestational diabetes, serum FGF23 levels positively correlated with subclinical
atherosclerosis as assessed by carotid artery intima-media thickness (Tuzun et al., 2018).

Tumor angiogenesis: Angiogenesis is essential for the growth of solid tumors (Folkman,
1971). FGFs were originally identified as angiogenic factors and can synergize and
potentially replace VEGF to support EC growth (Giacomini et al., 2016; Haibe et al.,

2020; Ornitz & Itoh, 2015; Presta et al., 2005, 2017; Turner & Grose, 2010; Zahra et al.,
2021; Zhao & Adjei, 2015). Coupled with the observations that many tumors produce FGF
ligands, inhibiting the FGF pathway has long been considered as a viable adjunct antitumor
therapeutic strategy (Ronca, Giacomini, Rusnati, & Presta, 2015; Touat et al., 2015; Turner
& Grose, 2010; Zhao & Adjei, 2015).

Hypoxia is a characteristic feature of solid tumors. Hypoxia-inducible factor-2a (HIF-2a.)
was shown to promote cMyc-mediated repression of miR15a and miR16, which normally
posttranscriptionally inhibits FGF2. Thus, hypoxia can lead to increased expression of FGF2
as a pathway to promote tumor angiogenesis (Xue et al., 2015). In a breast cancer xenograft
model, antibody inhibition of FGF2 reduced tumor cell proliferation and microvascular
density (Cai et al., 2016). An in vivo model in which either VEGF-A (121 aa) or FGF4
drives tumor angiogenesis was used to determine differential effects on tumor blood vessels.
Vessel density was increased by both factors, but vascular permeability was greater with
VEGF-A compared to FGF4. FGF4-stimulated vessels had increased numbers of pericytes,
suggesting that the pericyte may also directly respond to FGF4 signaling (Hori et al., 2017).

Using a mouse genetic model and skin carcinogenesis or tumor transplantation,
haploinsufficiency of VEGFR2 was shown to decrease tumor growth, but surprisingly,
knockout of EC FGFR1/2 did not affect tumor growth (Oladipupo et al., 2018). Given the
established roles of FGFR signaling in tumor angiogenesis, this suggests that FGFR3, alone
or in combination with FGFR1/2, should be further evaluated for synergy with VEGFR2 in
tumor angiogenesis.

Consistent with potential redundancies with angiogenic RTKSs, inhibitors that target multiple
RTKs (VEGFRs, FGFRs, PDGFRs) have shown efficacy in xenograft models using several
different tumor types (Caglevic et al., 2015; D. Li, Xie, Zhang, et al., 2016, Li, Fu, Zhao, et
al., 2016; Yamamoto et al., 2014).
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10.4.3| Regeneration and response to injury

Canonical FGF signaling: FGF signaling is cardioprotective in various models of
myocardial infarction (MI) (Kardami et al., 2007; Khosravi et al., 2021; Tanajak et al.,

2015; J. Wang, Sontag, & Cattini, 2015; S. Wang, L., et al., 2018). Mature cardiomyocytes
express high levels of Fgfrl and Fgfr3, lower levels of Fgfr2and Fgfr4, and the endocrine
FGF cofactor, SKlotho (Grabner et al., 2015; Liu et al., 2013; Planavila et al., 2013).
Cardiomyocytes do not express detectable levels of aKlotho (Faul et al., 2011). The adult
heart expresses high levels of FGF2 and FGF16 and lower levels of FGF9 and FGF10 (Hotta
et al., 2008; House et al., 2015; Kardami et al., 2007; Miyake et al., 1998; Rochais et al.,
2014).

In mouse modes of neonatal heart injury, inactivation of the GATAA4 transcription factor
in cardiomyocytes worsened outcomes. Fgf16expression was decreased in hearts lacking
GATA4, and GATA4 was found to directly regulate Fgf16expression. Cardiac-specific
overexpression of FGF16 in GATA4 mutant hearts partially rescued the injury-induced
cardiac hypertrophy (Yu et al., 2016).

In zebrafish amputation-induced heart injury, FGF signaling is important for
neovascularization of the regenerating myocardium through ERK activation in ECs (Lowe
etal., 2021). Additionally, following heart injury, the number of cardiomyocytes with
activated FGFR-induced AKT signaling was increased. Inhibition of AKT led to increased
cardiomyocyte death, suggesting that FGFR-AKT signaling functions as a survival factor
that is necessary for subsequent heart regeneration (Tahara et al., 2021).

In a model of closed-chest ischemia—reperfusion (IR) injury in mice, inactivation of EC
Fgfrland Fgfr2resulted in increased infarct size, demonstrating that EC FGFR1/2 signaling
is necessary for the angiogenic response to IR injury (House et al., 2016). In a rat IR injury
model, intravenous treatment with a FGF1 mutant with reduced heparin-binding affinity
reduced infarct size and improved cardiac function (C. Huang, Liu, et al., 2017). In a mouse
MI model, injection of recombinant FGF9 post-MlI into the peri-infarct region reduced
vessel apoptosis and increased left ventricular output (Singla & Wang, 2016). Intraperitoneal
injection of FGF21 reduced the occurrence of ventricular tachycardia, improved epicardial
conduction velocity, and shorted action potential duration following MI (J. Li, Xu, et al.,
2020). In a rat MI model, intraperitoneal administration of FGF21 before and after Ml
resulted in reduced infarct size and improved ejection fraction and reduced myocardial
inflammation and fibrosis (J. Li, Gong, Zhang, et al., 2021). In vitro studies showed that
FGF21 induced expression of early growth response protein 1 (EGR1) by suppressing
miR-143. EGR1 transcriptionally induced the expression of sodium and potassium channels
(SCN5A and KCNJ2) and suppressed the expression of inflammatory cytokines (J. Li,
Gong, Zhang, et al., 2021; J. Li, Xu, et al., 2020).

FGF16 pretreatment was found to protect against doxorubicin-induced cardiotoxicity
(Sontag et al., 2013). In response to doxorubicin, endogenous levels of Fgfl6 mMRNA were
reduced secondary to reduced binding of the transcription factor Nkx2-5 to the Fgfi6
promoter (J. Wang, Jin, & Cattini, 2017). Rat neonatal cardiomyocyte cultures treated with a
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mutant non-mitogenic form of FGF2 (S117A-FGF2) protected against doxorubicin-induced
cardiotoxicity (Koleini et al., 2018).

In a mouse model of pressure-overload-induced systolic dysfunction, mice lacking the high
molecular weight isoform of FGF2 showed improved systolic function. These mice had
increased levels of FGFR1, increased FGFR-regulated expression of mTOR, and increased
expression of the cardioprotective molecule, NR1D1 (nuclear receptor subfamily 1 group D
member 1) (Koleini et al., 2021).

Regeneration of damaged myocardium with cell-based therapy is a goal of regenerative
medicine. Adult bone marrow-derived mesenchymal stem cells (BMSCs) are a
heterogeneous population of cells with stem cell-like properties (discussed later). BMSCs
were shown to differentiate into a noncontractile cardiomyocyte-like cell when treated with
FGF2 and hydrocortisone. This method was found to be more efficient and potentially

safer than the traditional use of 5-azacytidine to induce cardiomyocyte differentiation (Hafez
et al., 2016). A combination of FGF2, FGF10, and VEGF was able to promote cardiac
reprogramming of fibroblasts into beating cardiomyocyte-like cells under defined serum-free
conditions through activation of the p38 MAPK and AKT pathways (Yamakawa et al.,
2015).

Pathologic neovascularization occurs in many diseases. In the eye, in advanced age-related
macular degeneration, pathologic neovascularization can cause blindness. In a mouse model
of choroidal neovascularization, FGF2 was identified as the pathogenic ligand that regulates
pathogenic angiogenesis via STAT3 activation through signaling to endothelial FGFR1/2 (Z.
Dong, Santeford, et al., 2019; Oladipupo et al., 2014).

In a hindlimb ischemia model, Fg72~~ mice showed delayed recovery of limb function.
However, the vascular growth response to ischemia was similar between wild type

and Fg72~”~ hindlimbs. The delayed recovery was attributed to increased expression of
inflammatory proteins and increased neutrophil or monocyte recruitment/infiltration in
FgfZ™~ ischemic muscle (Adeyemo et al., 2020).

Endocrine FGF signaling: In the heart, hypertension, cardiomyopathy, heart failure, and
M1 induce cardiac FGF21 and KLB expression (Planavila et al., 2015). FGF21 induced in
the heart protects against hypertensive heart disease and alcohol-induced cardiomyopathy,
indicating that FGF21 may function as a paracrine factor in the heart (Ferrer-Curriu et

al., 2019, 2021; Khosravi et al., 2021). In a mouse model of traumatic brain injury,
administration of recombinant FGF21 reduced neurofunctional behavior deficits, cerebral
edema, brain tissue loss, and neuronal apoptosis by preserving the integrity of the blood—
brain barrier (J. Chen, Hu, et al., 2018). Recombinant FGF21 also promoted angiogenesis
and migration of human brain microvascular ECs through activation of PPARy and
increased expression of endothelial nitric oxide synthase (eNOS) (W. Huang, Shao, et al.,
2019).

In diabetic mice (db/db), FGF21 was found to alleviate aortic EC disfunction by reducing
hyperglycemia and insulin resistance (Ying et al., 2019). Ectopic mineral depositions
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in blood vessel walls (vascular calcification) leads to increased vascular stiffness and
decreased vascular compliance and can cause serious adverse cardiovascular events.
Vascular calcification involves the differentiation of VSMCs to an osteoblast-like phenotype.
VSMCs express FGFR1, FGFR2, and KLB, co-receptors for endocrine FGF21. In an

in vitro model system, FGF21 suppressed VSMC calcification through activation of p38
MAPK and the pre-osteoblast transcription factor, RUNX2 (Cao et al., 2017).

Circulating levels of FGF23 are greatly increased in CKD. FGF23 was found to signal

to cardiomyocytes in an aKlotho-independent mechanism to stimulate left ventricular
hypertrophy (Faul et al., 2011). This effect was abolished in mice lacking FGFR4 or in mice
treated with blocking antibodies to FGFR4 (Grabner et al., 2015). Importantly, blockade of
FGFRA4 also reversed established left ventricular hypertrophy (Grabner et al., 2017).

In the heart, FGF23 is expressed in cardiomyocytes, fibroblasts, VSMCs, coronary artery
ECs, and inflammatory macrophages. FGF23 directly induces pro-hypertrophic genes

and promotes the progression of left ventricular hypertrophy through both autocrine and
paracrine signaling, and can stimulate secretion of pro-fibrotic factors from cardiomyocytes
to promote cardiac fibrosis (Leifheit-Nestler & Haffner, 2018). Elevated levels of FGF23
can contribute to the development of heart failure with preserved ejection fraction (HFpEF)
by suppressing coronary microvascular function and by promoting angiotensin Il-induced
vascular and myocardial fibrosis (van de Wouw et al., 2019). HFpEF patients, compared
with controls of similar age and sex, had higher levels of FGF23, and the level of FGF23
was a strong predictor of poor outcomes (Roy et al., 2020).

Respiratory system

10.5.1| Lung development—FGF signaling has essential roles in all stages of lung
development (Chao et al., 2015, 2016; Danopoulos, Shiosaki, & Al Alam, 2019; El Agha,
Seeger, & Bellusci, 2017; Herriges & Morrisey, 2014; Kiyokawa & Morimoto, 2021; Ornitz
& Yin, 2012; Rankin et al., 2015; Vila Ellis & Chen, 2021; Volckaert & De Langhe, 2015;
Wau et al., 2018; Xiao & Dudley, 2017).

Embryonic-pseudoglandular stage lung development: At the earliest stages of lung
development, Fgfi0is expressed in mesenchyme adjacent to the sites of lung bud formation
where it signals to FGFR2b in foregut endoderm to induce expression of Nkx2-1, a
transcription factor that defines the foregut lung field. Mice that lack FgfZ0fail to form
primary lung buds. Conditional inactivation of Fgfi0or its receptor, Fgfr2b, after formation
of the primary lung buds results in decreased epithelial branching. Similarly, expression of
a Fgfr2bligand trap in pig lung epithelium inhibited normal branching (Q. Chen, Fang,

et al., 2018). In an experimental model of doxorubicin-induced lung hypoplasia, decreased
expression of Fgfi0and its downstream effectors, Bmp4 and Cathepsin H (Ctsh) were
associated with impaired airway branching and epithelial cell development (J. Wang, Liu,
et al., 2018). Timed inhibition of FGF10 through the induced expression of a soluble
FGFR2b ligand trap showed that FGF10 regulates lobular septation of the right lung at
mouse embryonic day 9 (E9) and regulates branching morphogenesis after E11 (Taghizadeh
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et al., 2020). This supports the existence of an early embryonic stage that is temporally and
functionally distinct from the subsequent pseudoglandular stage.

In lung development, a bipotential progenitor gives rise to alveolar type 1 (AEC1) and
alveolar type 2 (AEC?2) cells (Frank et al., 2019). AECL cells are very thin cells that

allow gas exchange with the underlying capillary network. AEC2 cells produce surfactant
and in lung regeneration function as progenitors that give rise to AEC1 cells. Induced
expression of a soluble FGFR2b ligand trap or conditional inactivation of Fgfr2during

the pseudoglandular stage of lung development (E12.5) decreased expression of markers

of differentiated epithelium (Jones et al., 2018; Yin & Ornitz, 2020). Induction of the
FGFR2b ligand trap during midgestation (E14.5) development resulted in reduced AEC2
cell proliferation (M. R. Jones, Lingampally, et al., 2020). FGF10 was also shown to induce
protrusion of a subset of alveolar epithelial cells toward the mesenchyme to maintain their
AEC?2 cell fate and counter mechanical stretching forces that favor AEC1 cell differentiation
(Li, Wang, Chu, et al., 2018). Culture of embryonic (E13.5) lung-tip epithelium in matrigel
in the presence of insulin, transferrin, selenium, and FGF7 induced the formation of an
alveolus-like organoid that express markers of AEC1 and AEC2 cells (Seiji et al., 2019).
This is consistent with FGF7 and FGF10 having similar receptor specificities (Zhang,
Ibrahimi, et al., 2006).

In mouse embryonic lung explants, treatment with FGF10 induces branching which can

be blocked by inhibiting MAPK (Yin & Ornitz, 2020). In contrast, treatment of human
embryonic lung explants with FGF10 induced epithelial cyst formation (Danopoulos,
Thornton, et al., 2019). These discordant responses to FGF10 could be due to different
relative stages of development or species-specific differences. Etv4 and Etv5 are
transcriptional targets of FGF signaling (Brent & Tabin, 2004). Inactivation of Etv4/5

in lung epithelium directly led to reduced SHH expression and indirectly to increased
FGF10 production, resulting in increased epithelial outgrowth and delayed formation of new
branches (Herriges et al., 2015).

Fgf9is expressed in the mesothelium and epithelium of the developing lung at early
stages of branching morphogenesis (Danopoulos, Thornton, et al., 2019; White et al.,
2006; Yin et al., 2011). Mice lacking Fgf9have severely hypoplastic lung development,
characterized by reduced distal mesenchyme and decreased epithelial branching (Omitz &
Yin, 2012). FGF9 derived from the mesothelium signals to FGFR1 and FGFR2 in lung
mesenchyme and epithelial-derived FGF9 is important for branching (White et al., 2006;
Yin et al., 2011). Deregulated expression of FGF9 in embryonic lung epithelium, as occurs
in pleuropulmonary blastoma, contributes to the mesenchymal hyperplasia characteristic
of this disease (Yin et al., 2015). Treatment of mouse embryonic lung explant cultures
with FGF9 induced expansion of FGF10 lineage positive cells and decreased numbers of
ACTA2+ airway smooth muscle cells (EI Agha, Kheirollahi, et al., 2017; White et al.,
2006). Treatment of either human or mouse explants with FGF9 resulted in expansion

of SOX9-expressing distal epithelium (Danopoulos, Thornton, et al., 2019; Yin & Ornitz,
2020). FGF9 treatment of mouse embryonic explants led to epithelial dilation, a response
that could be partially blocked with inhibition of PI3K but not MAPK (Yin & Ornitz, 2020).
Collectively, these studies show that within lung epithelial cells, different FGFRs function
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independently by binding receptor-specific ligands and activating distinct downstream
signaling pathways to direct distinct developmental functions.

Saccular-alveolar stage lung development: Alveologenesis is the final stage of lung
development where the gas exchange surface area of the lung is increased by the formation
of secondary septae in alveolar saccules, followed by thinning of the septal walls. Impaired
alveologenesis is a major cause of morbidity in extremely preterm infants and often results
in bronchopulmonary dysplasia (BPD) (Chao et al., 2016; Lignelli et al., 2019; Vila Ellis
& Chen, 2021). Alveologenesis can be divided into three stages: pre-alveologenesis in
which AECL1 cells flatten in the saccular stage lung to expand lung surface area and permit
gas exchange; primary alveologenesis where formation of secondary septae that contain
contractile myofibroblasts increase the number and surface area of alveoli; and secondary
alveologenesis characterized by septal remodeling and alveolar expansion in the absence of
alveolar myofibroblasts (Vila Ellis & Chen, 2021).

Alveolar septae have matrix fibroblasts that contain lipid droplets and elastin-producing
myofibroblasts. Matrix fibroblasts express low levels of the Pdgfra-GFP reporter and high
levels of Fgfr3, Fgfr4, and Fgf10, and myofibroblasts express high levels of the Pdgfra-
GFPreporter and Fgfi8 (McGowan & McCoy, 2015; Ruiz-Camp & Morty, 2015). During
late embryonic development, FGF10 signaling to FGFR1b and FGFR2b is important for
generation of lipofibroblasts (a type of matrix fibroblast), a cell type that is retained in adult
lung and is important for maintaining epithelial stem cells (Al Alam, El Agha, et al., 2015;
Chao et al., 2016).

Inactivation of Fgfr3and Fgfr4, globally or broadly within embryonic lung mesenchyme,
resulted in impaired alveolar septation demonstrating that FGFR3 and FGFR4 are necessary
for alveologenesis (R. Li, Herriges, et al., 2017; Srisuma et al., 2010; Weinstein et

al., 1998). Mice lacking Fgfr3and Fgfr4 showed a disorganization of the elastin-rich

ECM in developing alveolar septae. Tissue-specific gene inactivation showed that loss of
mesenchymal FGFR3 was critical for recapitulating the phenotype of the whole organism
knockouts (R. Li, Herriges, et al., 2017).

Ligand specificity studies show that FGFR3 and FGFR4 are potential receptors for FGF18
(Zhang, Ibrahimi, et al., 2006). Fgf18is expressed at low levels in the saccular stage lung
and increases dramatically during primary alveologenesis, suggesting that FGF18 may be a
critical FGF ligand that activates FGFR3 and FGFR4 (Boucherat et al., 2007; Chailley-Heu
et al., 2005; Franco-Montoya et al., 2011). In neonatal mouse lung, RA is produced by
pulmonary ECs and regulates pulmonary angiogenesis and elastin synthesis by induction
of Vegfaand Fgri8, respectively. Treatment of neonatal lung fibroblasts with RA increased
expression of Fgfi8(Yun et al., 2016).

Expression analysis of neonatal lung mesenchymal cells sorted based on expression of the
Pdgfra-GFP reporter shows that Fgf18is primarily expressed in alveolar myofibroblasts
(AMFs) and Fgfi0is expressed in lipofibroblasts (McGowan & McCay, 2015). Lineage
tracing with an Fgf18"€ER knockin allele showed that AEC1 and AMFs are the major
cell populations that express Fgf18 during pre- and primary stages of alveologenesis and
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that the majority of AMFs are cleared from the lung by the end of the primary stage of
alveologenesis (Hagan et al., 2019, 2020; Vila Ellis & Chen, 2021). In adult mice, most of
the AEC1 cells that were lineage-labeled during alveologenesis are retained (Hagan et al.,
2020). During secondary alveologenesis, AECL1 cells continue to express Fgf18suggesting a
distinct role for FGF18 in septal remodeling (Hagan et al., 2020). Single cell RNA seq data
confirm these expression patterns (Du et al., 2015).

10.5.2| Trachea development—The tracheal primordium arises from the ventral
anterior foregut. Multiple signaling pathways, including Wnt, Bmp, RA, Shh, and Fgf,
coordinate interactions between the epithelium and mesenchyme to specify tracheal
identity and regulate separation from the esophagus (Kiyokawa & Morimoto, 2021). The
tracheal epithelium is established and maintained by basal progenitor cells. Inactivation of
mesenchymal WNT signaling or epithelial FGFR2 signaling results in reduced numbers of
basal progenitor cells (Hou et al., 2019).

Cartilaginous C-shaped tracheal rings are important to maintain distension of the trachea. In
patients with syndromic craniosynostosis syndromes (e.g., Pfeiffer, Crouzon, Apert, Beare-
Stevenson, and Saethre-Chotzen) failure of segmentation of the C-shaped tracheal rings

can occur, increasing the risk of mortality in these patients (Mahmud et al., 2021; Pickrell
etal., 2017; Seki et al., 2020; Wenger et al., 2017). Mice heterozygous or homozygous

for activating mutations in Fgfr2 (p.C342Y) that cause Crouzon syndrome fail to segment
tracheal cartilage resulting in a rigid tracheal sleeve. Prior to segmentation, mutant mice
show increased chondrocyte proliferation (Hines et al., 2019; Lam et al., 2021; Peskett et al.,
2017).

Submucosal glands that line the airway produce mucus in the tracheal and nasal

airways. Conditional knockout studies show that Fgf10 is required for submucosal gland
development, regulating the number of glands and extent of epithelial branching (May et al.,
2019).

10.5.3| Lung homeostasis and response to injury

Bronchopulmonary dysplasia: Exposure of premature infants to hyperoxia is essential

for survival but can lead to bronchopulmonary dysplasia, characterized by alveolar
simplification, pulmonary vascular rarefaction, and increased vascular muscularization.
Heterozygosity of Fgf10or inhibition of FGF10 signaling with expression of a soluble
FGFR2b ligand trap further decreased the density of the pulmonary vasculature and
increased muscularization of remaining vessels, a phenotype that can cause pulmonary
hypertension, a severe and often fatal outcome of bronchopulmonary dysplasia (Chao et al.,
2019). Genetic analysis of patients that died of neonatal lung diseases identified rare coding
variants and hypomorphic noncoding single-nucleotide variants in the genes encoding
TBX4 and FGF10, suggesting a complex compound inheritance predisposing to pulmonary
hypoplasia (Karolak et al., 2019). In a neonatal mouse model of hyperoxia-induced lung
injury, expression levels of FGF18 were reduced. Treatment with FGF18 increased viability
of AEC2 cells and reduced oxidative stress and inflammation (X. G. Li, Song, Wang, et al.,
2021).
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Pulmonary fibrosis: Idiopathic pulmonary fibrosis (IPF) is a progressive interstitial lung
disease in which alveolar tissue remodeling and fibrosis leads to respiratory failure
(Goodwin & Jenkins, 2016). In whole lung homogenates from IPF patients, FGF1
expression and downstream targets of FGF-signaling, phospho-ERK1/2, and phospho-AKT,
were increased (MacKenzie, Korfei, et al., 2015). Remodeled alveolar epithelium close

to the fibroblast foci in IPF lungs expressed FGF9, FGF18, and all FGFRs. In vitro
analysis of human lung fibroblasts showed that FGF9, and to a lesser extent FGF18, act as
antiapoptotic and promigratory growth factors to maintain fibroblasts in an undifferentiated
state contributing to the fibrotic process (Joannes et al., 2016). In patients with progressive
compared to stable IPF, mesenchymal stromal cells (MSCs) isolated from bronchoalveolar
lavage fluid showed activation of TGFp and SHH signaling pathways and decreased
expression of FGF10. TGFP and SHH signaling were shown to suppress FGF10expression
in MSCs isolated from patients with progressive IPF (Chanda et al., 2016).

In primary lung fibroblasts from human IPF patients and mouse bleomycin-induced
lung fibrosis, levels of aKlotho (KL) were reduced. In a mouse bleomycin model, co-
administration of KL and FGF23 were protective, with the reduction in TGFp-induced
fibrosis and inflammation (Barnes et al., 2019).

Overexpression of FGF7 or FGF10, ligands for FGFR2b, were protective to bleomycin-
induced injury; however, endogenous FGF7 or FGF10 did not significantly protect

against bleomycin-injury (MacKenzie, Henneke, et al., 2015). In a rat model of

TGFp overexpression, adenoviral-mediated expression of FGF1 attenuated TGFp-induced
myofibroblast differentiation and pulmonary fibrosis. In vitro, FGF1 attenuated the TGFf
signaling pathway in alveolar epithelial cells (AECs) and primary human lung fibroblasts
(Shimbori et al., 2016). In a mouse bleomycin-induced injury model, Wnt/p-catenin
signaling was activated and TGFP and FGF2 expression were increased. Inhibition of
Whnt/B-catenin signaling led to decreased pulmonary fibrosis and decreased production of
TGFB and FGF2 in bleomycin-treated mice and in AEC2 cells cultured with bleomycin
(X. Chen, Shi, et al., 2016). In mice, overexpression of FGF2 protected against bleomycin-
induced pulmonary fibrosis in vivo and reversed TGFp-induced fibroblast to myofibroblast
differentiation in vitro. FGF2 expression did not affect inflammation or epithelial gene
expression (Koo et al., 2018).

In adult lung, Fgfr2was expressed at high levels in AEC2 and club cells, at low levels in
AEC1 cells, and was not detected in ciliated or neuroendocrine cells. Following bleomycin-
induced injury, Fgfr2expression was increased in distal airway club cells (Yuan et al., 2020).
Inactivation of Fgfrs 1, 2 and 3in AEC2 cells in adult mice resulted in depletion of targeted
AEC2 cells, decreased Sftpc (surfactant protein C) gene expression, increased alveolar
diameter, increased collagen deposition, and an impaired response to bleomycin-induced
injury. Induced inactivation of Fgfr2or Fgfr3individually showed that FgfrZ, but not Fgfr3,
was responsible for the increased mortality and lung injury after bleomycin administration
(Dorry et al., 2020). Similarly, inactivation of Fgfr2bin mature AEC2 cells of adult mice
resulted in a nearly complete loss of targeted AEC2 cells (Yuan et al., 2019). A third

study showed that Fgfr2-deficient AEC2 cells had decreased proliferation and increased
differentiation into AEC1 cells in areas of active alveolar remodeling but no depletion
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of AEC2 cells under homeostatic conditions (Liberti et al., 2021). Consistent with a role
for FGF signaling in both epithelial cells and fibroblasts, blockade of FGFR signaling
after bleomycin injury with the inhibitor BGJ398 (Infigratinib) reduced lung fibrosis but
increased mortality due to suppression of AEC regeneration (Morizumi et al., 2020).

Spred2 is a negative regulator of the MAPK-ERK pathway and is predominantly expressed
in bronchial epithelial cells. In response to bleomycin, mice lacking Spred2 show increased
proliferation of bronchial epithelial cells which may contribute to the observed milder
fibrosis phenotype (Kawara et al., 2020).

Epithelial injury: Mice lacking Fgfr4 undergo normal embryonic and neonatal
development; however, as adults £gf4~~ mice show airway inflammation and an
emphysema-like phenotype with widened airway spaces, increased airway inflammation,
bronchial obstruction, and right ventricular hypertrophy. Whole lungs from Fgfr4”~ mice
had a complete loss of phosphorylated p38 but no significant change in phospho-ERK1/2
(Easter et al., 2020).

Injury to distal conducting airways with naphthalene, which kills club cells, leads to the
emergence of a distinct population of PDGFRA expressing cells that are distinct from
airway smooth muscle cells. This repair-supportive mesenchymal cell expresses high levels
of FGF10 which supports the regeneration of club cells (Moiseenko et al., 2020).

Basal cells (BCs) are a stem cell population in the trachea that maintain self-renewing
luminal secretory cells and terminally differentiated ciliated cells. Inactivation of FgfrZ or
Spry2in BCs of the adult mouse trachea caused an increase in steady-state BC proliferation.
In response to FGFR1 signaling, SPRY2 is posttranslationally modified allowing it to inhibit
intracellular signaling downstream of other RTKs and restrain BC proliferation. Consistent
with these in vivo data, treatment of primary BC cultures with FGF2 led to smaller colony
formation (Balasooriya et al., 2016). Inactivation of one copy of Fgf72in basal cells leads

to gradual loss of mutant basal and luminal cells, demonstrating that the FGFR2 signaling is
important for homeostatic maintenance of BCs and their progeny. Treatment of primary BCs
with FGF7, a ligand for FGFR2b, increased colony size (Balasooriya et al., 2017). These
studies show that FGFR1 and FGFR2 have independent functions in airway BCs.

Asthma: Asthma is a chronicinflammatory disease of the airways of the lungs. The
proliferation and migration of airway smooth muscle cells (ASMCs) play an important role
in asthma. In a rat model for asthma induced by ovalbumin injection, the long noncoding
RNA, TUGL, promoted ASMC proliferation and migration, and reduced apoptosis. As
discussed above, TUG1 increased FGF1 expression through suppression of miR-590-5p,
resulting in increased proliferation and migration of ASMCs (J. Lin, Feng, et al., 2019).
Patients with asthma have lower levels of miR-192-5p, which functions to suppress airway
smooth muscle cell proliferation and expression of matrix metalloproteinase 16 (MMP16)
and autophagy-related 7 (ATG7). In a mouse model for asthma, treatment with a miR-192—
5p agomir attenuated airway remodeling, possibly mediated by reduction of FGF23 and
MMPs 2, 9, and 16 (Lou et al., 2020).
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FGF2 has been implicated as an immunomodulatory factor in asthma and COPD (Tan et
al., 2020). In a house dust mite antigen-induced mouse models of asthma, 1L17 produced
by infiltrating eosinophils and neutrophils led to increased FGF2 expression, which was

associated with smooth muscle hypertrophy/hyperplasia (Ogawa et al., 2018).

Chronic obstructive pulmonary disease: Chronic obstructive pulmonary disease (COPD)
is a chronic inflammatory airway disease. COPD and asthma have different etiologies

but share pathological features including chronic inflammation, airflow limitation, and
airway wall remodeling. FGF2 was decreased in the lungs of mice exposed to cigarette
smoke or with elastase-induced COPD, and in serum from human patients with COPD.
Administration of FGF2 (intranasally) reduced inflammation and alveolar destruction in
smoke-exposed mice and improved regeneration in mice with elastase-induced COPD (Y. S.
Kim, Hong, et al., 2018).

Genome-wide association studies of COPD patients indicate that variants in the branching
structure of the lung is associated with intronic single nucleotide polymorphisms (SNPs)
in FGFI0and an increased risk for COPD (Smith et al., 2018) Another study identified
variants in FGF7that are associated with COPD (X. Zhang, Guo, et al., 2019). Serum
FGF23 levels were significantly elevated and KL levels were reduced in patients with mild
to moderate COPD but not severe COPD. Exposure of airway epithelial cells to cigarette
smoke and FGF23 activated FGFR4/PLCy independent of KL to increase the release of
interleukin-1p (Krick et al., 2018). Consistent with this study, serum levels of FGF23 were
positively correlated with COPD exacerbations (Gulati et al., 2019). Inhibition of FGF23
signaling might therefore serve as a novel anti-inflammatory strategy in COPD. However,
another study showed reduced serum levels of full-length FGF23 in COPD patients but did
not suggest a causative role for FGF23 (Stroda et al., 2018).

10.6 | Gastrointestinal tract

10.6.1 | Intestine—FGF9 and FGF10 have essential roles in the development of the
gastrointestinal (GI) tract. Fgf10is expressed in Gl tract mesenchyme and signals to
epithelium. Mice lacking Fgfi0or Fgfr2b have impaired development of the stomach,
duodenum, cecum, and colon (Danopoulos et al., 2017; Kowalkowski et al., 2020; Lv et

al., 2019). For example, genetic knockout of Fgri0or FgfrZbresults in duodenal or colonic
atresia in mice (M. L. M. Jones, Sarila, et al., 2020; Kowalkowski et al., 2020; Teague et al.,
2018). Examination of the colonic epithelium in Fgfr2b™~ mice showed increased apoptosis
but normal levels of proliferation. Epithelial histology showed lack of a pseudostratified
columnar architecture and discontinuity of the adjacent basal lamina with individual E-
cadherin (Cdhl) expressing cells found in the colonic mesenchyme (Kowalkowski et al.,
2020).

Fgf9is expressed in Gl tract epithelium and signals to mesenchyme. Mice lacking Fgf9have
a shortened small intestine and lack a cecal bud (Al Alam et al., 2012; Danopoulos et al.,
2017; Geske et al., 2008; Zhang, Stappenbeck, et al., 2006).

FGF10 may also have a role in intestinal homeostasis. Overexpression of FGF10 in the adult
leads to an increase in crypt depth and villus height in the small intestine, and it induces
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goblet cell differentiation at the expense of Paneth cells (Al Alam, Danopoulos, et al., 2015).
FGFR3 may antagonize FGF10 signaling, as mice lacking FGFR3 have reduced numbers

of intestinal crypts and reduced Paneth cell specification and differentiation (Vidrich et al.,
2009).

10.6.2 | Liver—Canonical and endocrine FGF signaling have essential roles in liver
development, response to injury, and tumorigenesis (Z. Chen, Jiang, et al., 2021; Itoh,
Nakayama, & Konishi, 2016; Seitz & Hellerbrand, 2021; Y. Wang, Liu, et al., 2021).

Liver development: Fgf8is expressed in the prospective hepatic endoderm and the adjacent

splanchnic mesoderm in the early embryonic stages of mouse development (J. Wang,

Rhee, et al., 2015). FGF8 is expected to be required for liver development. However, as
Fgf8~~ mice are lethal at the gastrulation stage, its roles in liver development remain to

be elucidated (Sun et al., 1999). Fgf10is also expressed in the mesoderm proximal to the
hepatic endoderm (J. Wang, Rhee, et al., 2015). Fgf10™~ mouse embryos with smaller
livers exhibit reduced proliferation and survival of hepatoblasts, indicating that FGF10 is
essential for liver growth during embryogenesis and for hepatoblast growth (Berg et al.,
2007). Human induced PSCs (iPSCs) can be differentiated into hepatocyte-like cells through
definitive endoderm cells and hepatoblast-like cells. During hepatoblast differentiation from
human iPSCs, the levels of hepatoblast markers are upregulated by the removal of FGFs.
Hepatoblast differentiation is also promoted by an FGFR inhibitor. These results indicate
FGF signals are not necessary for hepatoblast differentiation in vitro (Toba et al., 2019).

Liver injury: Hepatic injury is associated with the activation of hepatic stellate cells.
Fgr9expression is increased in hepatic stellate cells in an acute liver slice injury model

in vitro. FGF9 significantly stimulates the incorporation of thymidine by hepatocytes.
FGF9 is a paracrine mitogenic signal to hepatocytes during acute liver injury (Antoine

et al., 2007). In mice lacking Fgf7, following toxin-induced hepatic injury liver progenitor
cell expansion is decreased, and mice have increased mortality. In addition, in transgenic
mice that overexpress FGF7, liver progenitor cells are increased and hepatic dysfunction
is ameliorated. These results indicate that FGF7 is a regulator of liver progenitor cells in
response to liver injury (Takase et al., 2013). Recombinant FGF7 protein also exerted a
protective effect on mice with CCl-induced acute liver injury (M. Liu, Chen, et al., 2018).

Inducible loss (mediated by siRNA) of Fgfr4in the liver severely impaired liver regeneration
following partial hepatectomy and combined loss of Fgfr1, Fgfr2, and Fgfr4in hepatocytes
caused liver failure following partial hepatectomy. Serum levels of FGF15/19 were increased
following partial hepatectomy and further increased in mice lacking hepatocyte Fgfrs 1, 2,
and 4 (Padrissa-Altes et al., 2015). These data demonstrate partial redundancy of FGFRs

in the liver and an essential role for FGFR signaling in liver regeneration. In iron overload-
induced liver diseases, FGF21 administration or Fgf21 overexpression protected against iron
overload-induced hepatocyte mitochondria damage, liver injury, and fibrosis, by inhibiting
ferroptosis (Wu et al., 2021).

In zebrafish liver, Fgf signaling from surrounding mesenchymal cells maintains an
extrahepatic niche by directly preventing premature differentiation and allocation of
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extrahepatic duct progenitors to the liver. Intrahepatic duct cells regenerate after activation
of Jag/Notch signaling from multipotent progenitors originating from this Fgf-dependent
extrahepatic stem cell niche (Zhao et al., 2021).

Hepatocellular carcinoma: Hepatocellular carcinoma (HCC) is closely associated with
liver fibrosis (Alvarez-Sola et al., 2017). In a mouse model for HCC, mice lacking Fgf15/19
showed fewer and smaller tumors, decreased hepatocellular proliferation, and decreased
expression of alpha-fetoprotein. Mechanistically, FGF15/19 induced the expression of
connective tissue growth factor (CTGF) in hepatocytes, which promoted liver fibrosis, an
established enhancer of HCC (Uriarte et al., 2015). Selective inhibition of FGFR4 with
Fisogatinib (BLU-554) showed clinical benefit and tumor regression in patients with HCC
with aberrant FGF19 expression (Hatlen et al., 2019).

High FGF9 expression levels in human HCC significantly correlated with poor patient
survival. FGF9 is expressed in hepatic stellate cells but not HCC cells and promotes
tumorigenicity. FGF9 appears as a potential prognostic marker and novel therapeutic target
in HCC (Seitz et al., 2020).

Mice maintained on a high-fat high sucrose diet develop NAFLD which, in 6% of wild-type
mice, can progress to HCC after 52 weeks. Mice lacking Fgf21 have a greatly accelerated
development of hepatosteatosis and worse fibrosis, and 78% of mice progressed to HCC
(Singhal et al., 2018). Thus, FGF21 limits the progression from NAFLD to HCC in response
to prolonged exposure to an obesogenic diet.

10.6.3 | Pancreas—The pancreas is a glandular organ that participates in the regulation
of food digestion and systemic glucose metabolism by its exocrine and endocrine functions,
respectively.

Pancreas development: Development of the early pancreas relies on active crosstalk
between the pancreatic epithelium and the surrounding mesenchyme (Bastidas-Ponce et al.,
2017). FGF10 and its receptor FGFR2b are expressed in the epithelium and mesenchyme,
respectively. During mouse embryonic development, FGF10 signaling regulates epithelial
cell proliferation, maintenance of progenitor cell fate, and branching morphogenesis in the
pancreas (Ndlovu et al., 2018).

In human PSCs, FGF2 and FGF17 function as a potent anti-pancreatic factors. FGF2

and FGF17 inhibited early pancreatic lineage specification during differentiation of human
embryonic stem cells through activation of FGFR1c or FGFR3c and downstream MEK/ERK
signaling, whereas FGF7 and FGF10 (through activation of FGFR2b), and EGF increased
the cell mass and retained pancreatic identity (PDXZ expression) (Dettmer et al., 2020).
FGF10 signaling from the mesenchyme has been proposed to expand pancreas progenitors
in mice. However, a single-cell transcriptome atlas of the human fetal pancreas shows

that FGF7 and FGF10 are expressed at much lower levels than FGF2, FGF9, and FGF13,
indicating these activities in the pancreas would be interesting to study (Goncalves et al.,
2021).
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Pancreas physiology: FGF21 is highly expressed in the exocrine pancreas. FGF21
expression was decreased with fasting and elevated with obesity. Mice lacking Fgf21
develop islet hyperplasia and periductal lymphocytic inflammation when fed a high-fat

diet (Singhal et al., 2016). Furthermore, mice lacking Fg721 or with acinar-specific deletion
of K/baccumulate zymogen granules and are susceptible to pancreatic ER stress. FGF21
signaling in acinar cells triggers intracellular calcium release via PLC-1P3R signaling to
stimulate digestive enzyme secretion. Pancreatic FGF21 functions as a digestive enzyme
secretagogue, whose physiologic function is to maintain acinar cell proteostasis (Coate et al.,
2017).

Pancreas injury: Acute pancreatitis (AP) is an acute inflammatory disease that injures
pancreatic exocrine cells. In humans with AP and in a rat model of AP, serum levels of
FGF1 and FGF2, and amylase and lipase activities were increased but the amylase protein
concentration in serum was decreased. Injection of recombinant FGF1 or FGF2 in rats
with AP was shown to inhibit inflammation and the production of inflammatory cytokines
and normalize amylase and lipase activities. In contrast, the injection of FGF1 and FGF2
inhibitory antibodies worsened the AP phenotype (Tu et al., 2020).

In both patients and cerulein-induced mice with AP, serum FGF21 levels were significantly
increased. However, in cerulein-induced AP in mice, FGF21 levels in the pancreas

though initially elevated (at 4 h) were then reduced to nearly undetectable levels by

18 h. Pharmacologic replacement of FGF21 was shown to mitigate AP in this mouse

model (Hernandez et al., 2020). Mechanistically, the administration of recombinant FGF21
reversed cerulein-induced AP by increasing Sirtuin-1 (Sirtl) expression and Sirtl restoration
of autophagy (Q. Chen, Li, Ma, et al., 2020).

Chronic pancreatitis (CP) is a progressive, irreversible inflammatory and fibrotic disease.
l-arginine-induced CP in mice leads to pathological changes including acinar atrophy, loss of
pancreas morphology, inflammatory cells infiltration, and elevated serum amylase activity.
Treatment with FGF21 improved pancreatic fibrogenesis in CP via activation of the mTOR
pathway (N. Wang, Zhao, et al., 2019).

10.7| Urogenital tract

10.7.1| Kidney development—FGF signaling is required at multiple stages of kidney
development from Wolffian (nephric) duct (WD) development through nephrogenesis
(Krause et al., 2015; McMahon, 2016; Okazawa et al., 2015; Trivedi & Kumar, 2021;
Walker et al., 2016). In the chicken, developing WD tubular elongation and lumen formation
(epithelialization) proceed simultaneously in a spatiotemporally coordinated manner. FGF8,
produced in the caudal region of the embryo, acts as a chemoattractant on the leader

cells of the elongating WD and prevents them from epithelialization, thus coordinating

this developmental process (Atsuta & Takahashi, 2015). However, in the mouse, FGF
signaling is necessary for nephric duct migration, but does not regulate directionality (Attia
etal., 2015). Fgfr2is expressed throughout the WD. Inactivation of Fg#72in the mouse
WD epithelia resulted in the regression of the caudal part of the WD and abnormal male
reproductive tract development. Cranial (rostral) WD formation and ureteric budding were

WIREs Mech Dis. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ornitz and Itoh

Page 63

not affected (Okazawa et al., 2015). To determine if FGF signaling contributes to formation
of the ureteric bud, chimeric embryos containing wild-type cells and either SpryZ~~ or
Fgfr2 YB-I= (conditional knockout of Fgf72in the ureteric bud) were generated. Analysis

of cellular contributions to the ureteric bud showed that FGFR2 signaling promotes ureteric
bud cell rearrangements that form the tip domain, similar to GDNF/Ret signaling (Leclerc &
Costantini, 2016).

FGF9 and FGF20 are required to maintain the stemness of nephron progenitor cells
(Barak et al., 2012). FGF8 also contributes to the maintenance of nephron progenitors

and is important for differentiation of nephron progenitors to an epithelial renal vesicle
(Grieshammer et al., 2005; Perantoni et al., 2005). Sprouty 1 (Spry1), a feedback inhibitor
of RTKSs, antagonizes FGF9/20 and FGF8 signaling to balance progenitor cell survival,
proliferation, and differentiation (Huh et al., 2020).

Inactivation of EsrpZin mice results in loss of epithelial Fgfr2band ectopic expression

of the mesenchymal receptor, FgfrZc, reduced kidney size with fewer ureteric tips, and
reduced nephron numbers. This study indicates that signaling through ectopic FGFRZ2c is not
sufficient to comensate for loss of FGFR2B in the developing kidney (Bebee et al., 2016;
Ishiwata, 2018).

The corpuscles of Stannius (CS) comprise a unique endocrine organ in teleost fish that
maintains calcium homeostasis through secretion of stanniocalcin-1 (Stc1). In the distal
zebrafish pronephros, FGF signaling is required to commit tubular epithelial cells to
differentiate into stanniocalcin-1-expressing corpuscles of Stannius cells (Klingbeil et al.,
2021).

10.7.2 | Bladder development—Bladder development is regulated by signaling
interactions involving sonic hedgehog (SHH), TGFB, BMP4, and FGFR2 that control
epithelial-mesenchymal interactions between endoderm of the urogenital sinus and
mesodermal mesenchyme (Liaw et al., 2018). Inactivation of Fgfr2in bladder mesenchyme
resulted in thin muscle layers with reduced a-smooth muscle actin (Acta2) levels at E16.5
and progressive muscle loss during the first month of life. Fgf72 conditional knockout
embryos had increased hedgehog (HH) signaling, likely due to increased expression of

the HH coreceptors, Cdo (cell adhesion molecule, downregulated by oncogenes), and Boc
(brother of Cdo) (lkeda et al., 2017).

10.7.3| External genitalia development—Development of the external genitalia
involves key interactions between FGF, HH, Wnt, and BMP signaling pathways in both
epithelial and mesenchymal tissues (Cohn, 2011; Tarulli et al., 2021). Developmental gene
expression patterns and mechanisms are conserved across species that diverge in external
genitalia structure. For example, in both mouse and Asian house musk shrew (Suncus
murinus) expression patterns of Fgf8and Shhare similar in the genital tubercle epithelium
(Miyado et al., 2017). Consistent with FGF8 signaling to mesenchymal FGFRs, tissue-
specific inactivation of Fgfr2shows that mesenchymal FGF signaling in the early-stage
genital tubercle is required for its outgrowth (Gredler et al., 2015; Harada et al., 2015).
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In genital tubercle mesenchyme, the transcription factor ISL1 was shown to directly
regulate Bmp4, Fgf10, and Wnit5a, factors that are essential for genital tubercle formation
(Ching et al., 2018). Later in development, FGFR2 regulates epithelial maturation and cell
cycle progression in the urethral endoderm and surface ectoderm. Consistent with FGF10
signaling to epithelial FGFRs, ectodermal deletion of Fgfr2resulted in hypospadias showing
that FGFR2 signaling is required for epithelial maturation and maintenance of a closed
urethral tube (Gredler et al., 2015; Harada et al., 2015).

10.7.4| Homeostasis and response to injury—Ischemia—reperfusion (IR) injury is
a major cause of acute kidney injury (AKI). FGFs have been proposed as biomarkers for
AKI and as potential therapeutic targets (Deng et al., 2020; Trivedi & Kumar, 2021). In AKI,
circulating levels of FGF23 are dramatically increased (discussed below) (Bar et al., 2019;
Christov et al., 2019). In zebrafish, FGF signaling is rapidly induced after kidney injury and
inhibitor experiments show that FGF signaling is required for recruitment of renal progenitor
cells to sites of new nephron formation (Gallegos et al., 2019). FGFBP1 and FGF2 are
induced and released following AKI (L. Zhao, Cao, et al., 2020). In mouse, FGFBP1
expression sensitizes peripheral resistance vessels to angiotensin Il (Angll) constriction.
This effect is absent in £g£2~~ mice and can be fully blocked with FGFR kinase inhibitors
(Tassi, Lai, etal., 2018).

In a mouse model of cyclophosphamide-induced bladder injury, pretreatment (subcutaneous
administration) with FGF7 was protective. At early time points, FGF7 suppressed
intermediate and basal cell apoptosis likely through AKT signaling. FGF7 also induced
proliferation of KRT5"/KRT 14" epithelial cells through ERK1/2 signaling (Narla et al.,
2020). Mice lacking urothelial Fgfr2had impaired epithelial regeneration, larger basal cells
and nuclei, more persistent basal and ectopic luminal KRT14+ cells, and signs of metaplasia
(Narla et al., 2021).

10.8 | Skeletal development, homeostasis, and regeneration

FGF signaling is required at all stages of skeletal development, as well as in skeletal
remodeling, homeostasis, and response to injury. In the embryonic mammalian and avian
limb bud, an FGF8-FGF10 feedback loop operating between the apical ectodermal ridge
(FGF8) and underlying mesenchyme (FGF10) is required for limb bud outgrowth (L. Jin,
Wu, et al., 2018; Mariani et al., 2017; Ornitz & Marie, 2015; Tickle, 2015; Young et al.,
2019). FGF signaling in limb bud mesenchyme regulates Sh/ expression which regulates
anterior—posterior patterning of the limb bud (Peluso et al., 2017; Tickle, 2015). FGF
signaling has also been shown to convey positional information along with the limb bud
proximal—distal axis by regulating the level of MEIS (myeloid ectopic viral integration site)
transcription factors (Delgado et al., 2020). Apical ectoderm ridge-derived FGFs were found
to regulate planar cell polarity (PCP) along the proximal—distal axis in a Wnt5a-dependent
manner. A Wntba gradient was shown to be instructive for establishing PCP in the limb
mesenchyme and permissive for FGF signaling to orient PCP (Gao et al., 2018). FGF8

and SHH were found to act synergistically to regulate expression of HoxdZ3in limb bud
mesenchymal cells in vitro (Rodrigues et al., 2017). Later in development, FGFs regulate
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formation of the mesenchymal condensations that give rise to the skeleton (Ornitz & Marie,
2015).

Limb development in the axolotl differs from mammals and birds in that axolotls do not
have an FGF producing apical ectodermal ridge but do have mesenchymal FGFs. Inhibition
of FGF-signaling in axolotl demonstrated that FGFs regulate cell proliferation across all
three limb axes, in contrast to mammals and birds where FGF-signaling regulates cell
survival and proximodistal patterning (Purushothaman et al., 2019).

FGF signaling also regulates growth plate and articular chondrocytes, osteogenesis, and
tendon. FGF signaling in bone and joint development and response to injury has been
extensively reviewed (Marie et al., 2019; Ornitz & Marie, 2015, 2019; Su et al., 2014;
Tickle, 2015; Tuzon et al., 2019; Xie et al., 2014). Mutations in FGFRs and in genes that
regulate the FGF signaling pathway have been linked to the etiology of skeletal dysplasia
syndromes. Most mutations in FGFRs are dominant and activate FGFR signaling in diseases
such as Achondroplasia (FGFR3) and in several craniosynostosis syndromes (FGFR1 and
FGFRZ2) including Apert, Crouzon, and Pfeifer syndromes. These have been extensively
reviewed (Albino et al., 2015; J. Chen, Liu, et al., 2017; Klag & Horton, 2016; Legeai-
Mallet, 2016; Moosa & Wollnik, 2016; Ornitz & Legeai-Mallet, 2017; Ornitz & Marie,
2015, 2019).

Dominant mutations in the transmembrane domain of FGFRZ2that cause Bent Bone
Dysplasia (BBD) affect receptor trafficking to the cell surface and to the nucleus (discussed
below) (Merrill et al., 2012; Neben et al., 2017; Salva et al., 2019; Stichelbout et al., 2016).
A recessive loss of function mutation in FGFR2 was identified in a patient with lethal
ectrodactyly/split hand-foot malformation and pulmonary acinar dysplasia (Barnett et al.,
2016). Recessive loss of function mutations in FGFR3 cause Camptodactyly, Tall Stature,
and Hearing Loss, referred to as CATSHL syndrome in humans or spider lamb syndrome in
sheep, which mimics the phenotype of mice that lack Fgfr3 (Beever et al., 2006; Colvin et
al., 1996; Deng et al., 1996; Escobar et al., 2016; Makrythanasis et al., 2014; Smith et al.,
2006; X. Sun, Zhang, et al., 2020; Toydemir et al., 2006).

Ellis—van Creveld syndrome (EvC) patients have short limbs, postaxial polydactyly, and
dental abnormalities. EVC is caused by mutations in EVC (EVC ciliary complex subunit 1)
and £VC2 (EVC ciliary complex subunit 2) which are transmembrane proteins localized
at the base of the primary cilium. Evc2is expressed in growth plate chondrocytes and in
the perichondrium. Evc2 mutant mice showed a dwarfism phenotype with reduced growth
plate HH signaling and increased FGF signaling. Increased expression of Fgf18in the
perichondrium of Evc2 mutant mice was shown to be a critical contributor to the dwarfism
phenotype (H. Zhang, Kamiya, et al., 2016).

10.8.1 | Embryonic skeletal development

Appendicular skeletal development: During the development of the appendicular skeleton,
Fgr2, Fgr9, and Fgri8are expressed in mesenchyme surrounding the chondrogenic
condensations that form the skeletal anlage. In growing bone, Fgf9and Fgfi18are expressed
in the perichondrium and periosteum and Fg72is expressed in chondrocytes (Coffin et

WIREs Mech Dis. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ornitz and Itoh

Page 66

al., 2018; Hagan et al., 2019; Hung et al., 2007; Karuppaiah et al., 2016; Lazarus et al.,
2007; Ornitz & Marie, 2015). These and possibly other FGF ligands signal to FGFRs in

the mesenchymal components of bone and the skeletal vasculature. Fgfr2is expressed in

the chondrogenic condensations, Fgfrl and Fgfr2are expressed in the perichondrium and
periosteum, Fgfr3and Fgifr4 are expressed in proliferating chondrocytes, Fgfr1 is expressed
in hypertrophic chondrocytes, and FgfrZ and Fgfr3are expressed in articular chondrocytes
(Lazarus et al., 2007; Ornitz & Marie, 2002, 2015; Z. Wang, Huang, et al., 2018; Zhou et al.,
2016).

During embryonic development, Fgf9and Fgfi8were shown to function redundantly

to regulate chondrogenesis in the proximal limb with differential potency along the
proximodistal limb axis (Hung et al., 2016). Mesenchymal inactivation of Msh homeobox
1 (MsxI) and Msx2, transcription factors that directly regulate Fgf9and Fgfi8, results in
decreased expression of Fgf9and Fgfi8and decreased ERK1/2 phosphorylation, which
results in defects in limb development (Y. Yang, Zhu, et al., 2020). However, these defects
are not as severe as in mice with germline inactivation of both Fgf9and Fgf18. Knockout
of Fgf2alone did not show a bone developmental phenotype; however, aging £g£2~~ mice
developed osteoporosis (Coffin et al., 2018). The possibility of synergism between Fgf2and
Fgf9or Fgfi8during skeletal development has not been explored.

Several breeds of dogs have a chondrodystrophy phenotype that resembles Achondroplasia.
A multibreed association analysis identified a FGF4 retrogene on Canis familiaris
chromosome 18 (CFA18), about 30 Mb from the endogenous FGF4, that is strongly
associated with a short-legged chondrodysplasia phenotype of at least 19 dog breeds (Parker
et al., 2009). A second mapping study of 76 distinct breeds of dogs identified another FGF4
retrogene insertion on CFA12 that was associated with short limb skeletal dysplasia and
intervertebral disc disease (IVDD) (Brown et al., 2017). Whole-genome sequencing further
identified five additional and distinct FGF4 retrocopies in canids with IVDD (Batcher et al.,
2020). These studies demonstrate that ~GF4 retrotransposition is a frequent event that can
account for phenotypic diversity in canids.

Synovial joints are fluid-filled cavities that separate the articulating surfaces of the bones.
The formation of the inter-zone, a dense population of prechondrogenic mesenchymal cells
that lie between adjacent cartilaginous anlagen, is the first morphological change in a
developing synovial joint. The interzone is marked by the expression of the BMP family
member, Gdf5, which is necessary but not sufficient for joint formation. In addition to
GDF5, HH, WNT, and FGF signaling is also required for joint formation. Several studies
show that opposing Wnt/p-catenin-FGF and Indian hedgehog (IHH)-BMP signals regulate
cell fate in the interzone (Rockel et al., 2016; Salva & Merrill, 2017).

Craniofacial development: Analysis of mice with Fgfr2 mutations found in Apert
syndrome, showed that activation of FGFR2 differentially affects cartilage formation

and intramembranous ossification of dermal bone leading to defects in mandibular
morphogenesis (Motch Perrine et al., 2019). Apert syndrome mice also showed increased
proliferation of nasal septal chondrocytes at E14.5, increased nasal septal chondrocyte
hypertrophy, and abnormal thickening of the nasal septum which likely contributes to
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midface deformities and upper airway anomalies seen in Apert syndrome (Holmes,
O’Rourke, et al., 2018; Kim et al., 2021). The coronal sutures of Apert syndrome mice

show increased expression of Lrp5and Lrpé6, indicating activation of WNT signaling and
potential involvement of WNT signaling in the pathogenesis of Apert syndrome (Min Swe et
al., 2021).

Mice homozygous for gain of function mutations in Fgfr2that cause Crouzon syndrome
show enhanced osteoblast function and maturation along with increased ERK-MAPK
activation (Pfaff et al., 2016). Additionally, these mice show increased chondrogenesis

in parts of the endochondral and cartilaginous skeleton that correlates with expansion

of the Sox9 expression domain in mesenchymal condensations (Peskett et al., 2017). In
calvarial bone development, moderate Fgf8 overexpression resulted in delayed ossification
and craniosynostosis of the coronal suture whereas higher levels of Fgf8 overexpression
suppressed ossification and promoted cartilage formation throughout the skull. Thus, there is
plasticity in mesenchymal cells of the skull that are normally fated to form intramembranous
bone (L. Schmidt, Taiyab, et al., 2018).

The skeletogenic mesenchyme of the maxillary facial prominence (MxP) and mandibular
facial prominence gives rise to the maxilla and mandible and requires tissue separation

at the maxillomandibular junction (MMJ). Syngnathia is a congenital craniofacial disorder
characterized by bony or soft tissue fusion of the upper and lower jaws. Fgf8and Bmp4
are expressed in partially overlapping regions of the MMJ epithelium and are required for
normal separation of the maxilla and mandible (Tak et al., 2017).

10.8.2| Regulation of the bone—tendon interface—During axial tendon
development in chicken embryos, induction of Scleraxis (Scx)-expressing tendon
progenitors requires FGF signaling from the neighboring myotome (Havis et al., 2016;
Huang et al., 2015). In mice lacking Fgf9, the size of the deltoid tuberosity was enlarged

in newborn mice (Hung et al., 2007). Functional analysis of the deltoid tuberosity showed
increased chondrocyte hypertrophy but reduced cell proliferation at the deltoid tuberosity
attachment site (Leek et al., submitted). Fgr9is expressed in the perichondrium and muscle
(Hung et al., 2007).

Mice with conditional inactivation of £g79in muscle are viable. These mice had an enlarged
deltoid tuberosity and lateral supracondylar ridge of the humerus (Leek et al., 2021), similar
to mice with mutations that induce muscle hypertrophy (e.g., Myostatin™") (Elkasrawy

& Hamrick, 2010). Analysis of differentially expressed genes in muscle of control and
global knockout mice suggests autocrine FGF9 signaling in muscle with direct or indirect
effects on the adjacent developing tuberosities which may be mediated by muscle fiber type
switching and metabolic changes in mitochondrial bioenergetics and glycolytic processes
(Leek et al., 2021).

Using a chicken flexor tendon injury model, adeno-associated virus 2 (AAV2) mediated
delivery of FGF2 (or VEGF) increased tenocyte proliferation, production of type I collagen,
and tendon strength (Tang et al., 2016). In a rat model for tendon repair, treatment with
FGF2 (in a gelatin hydrogel) improved mechanical strength. Histological analysis showed
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increased proliferation of Sox9-, Scx-, and Tenomodulin ( Tnmad)-positive progenitor cells
(Tokunaga et al., 2015; Yonemitsu et al., 2019; Zhang et al., 2020).

Inactivation of Fgfr2in the mouse tendon—bone interface reduced Scx expression in Scx+/
Sox%+ progenitors and promoted their differentiation into Sox%+ chondrocytes (Bobzin et
al., 2021; Roberts et al., 2019). FGF signaling thus helps to pattern the boundary between
tendon and bone by regulating cell fate decisions of progenitor cells.

Lacrimo-auriculo-dento-digital (LADD) syndrome: Lacrimo-auriculo-dento-digital
(LADD) syndrome is caused by loss-of-function mutations in FGFRZ2, FGFR3, or FGF10
(Garg & Zhang, 2017; Mikolajczak et al., 2016; Milunsky et al., 2006; Rigueur et al.,
2019; Rohmann et al., 2006; Ryu et al., 2020; Talebi et al., 2017). The multiple congenital
anomalies in LADD syndrome affect the lacrimal and salivary glands and ducts, ears,
teeth, and distal limb segments. Hearing loss associated with LADD syndrome is usually
conductive and involves the external and middle ear. A mouse model of conditional
inactivation of Fgfr2in the neural crest lineage, showed decreased auditory function that
correlated with hypoplasia of the auditory bulla and ectopic bone growth at sites of
tendon/ligament attachment, providing an explanation for conductive hearing loss in LADD
syndrome patients (Rigueur et al., 2019).

Mutations in human FGF10can lead to congenital lacrimal gland defects (Entesarian et al.,
2005; Rohmann et al., 2006). Analysis of Fgf10gene regulation in mice showed that Shp2

is required for the expression of the homeodomain transcription factor ALX4, which directly
controls Fgfi0expression in the periocular mesenchyme through interacting with an intronic
evolutionary conserved element in terrestrial animals (Garg et al., 2017). The Etv4 (Pea3)
transcription factor functions downstream of FGF signaling to regulate lacrimal gland duct
elongation and branching (Garg et al., 2018).

10.8.3| Development of the hard and soft palate—Cleft lip and palate are
common craniofacial birth defects in humans. Genetic analysis has implicated multiple
FGF ligands and receptors in both syndromic and non-syndromic cleft lip and palate (Bush
& Jiang, 2012; Riley et al., 2007; Weng et al., 2018). Gain- and loss-of-function studies

in mice have identified roles for Fgfr1, Fofr2, Fgf7, Fgf8, Fgf9, Fgrfi0, and Fgfi&in
palatogenesis.

Single nucleotide polymorphisms in FGF10are potential risk factors for cleft lip and

palate (Itoh, 2016). Fgf10is expressed in the anterior palatal mesenchyme and induces

Shh expression through its receptor Fgfr2b in the palatal epithelium. Inactivation of either
Fgfl0or FgfrZbresults in cleft palate (Rice et al., 2004). Inactivation of FgfI0in the neural
crest lineage resulted in cleft palate caused by a failure in the development of the palatal
shelves (Prochazkova et al., 2018; Teshima et al., 2016).

Epithelial Shh regulates mesenchymal proliferation and expression of forkhead-box
transcription factors (Foxflaand Foxf2) and Fgfi0(Bush & Jiang, 2012; Rice et al.,
2004). Inactivation of Fox#2in neural crest-derived palatal mesenchyme resulted in ectopic
activation of Fgri8expression throughout the palatal mesenchyme and loss of Shh
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expression throughout the overlying palatal epithelium resulting in cleft palate (J. Xu,

Liu, et al., 2016). These and other data establish an epithelial-mesenchymal feedback loop
involving Shh, Fgf10, and Fgrfi8that regulates the growth of the palatal shelves. Although
null alleles for Fgri8resulted in cleft palate, inactivation of Fgf18in the neural crest
mesenchyme resulted in partially penetrant cleft palate and inactivation of Fgf18in the
Twist? (Dermol) lineage did not result in cleft palate (Hagan et al., 2019; Liu et al.,

2002; Ohbayashi et al., 2002; Yue et al., 2021). This suggests that epithelial sources of
Fgfi8and/or redundancy with other Fgfsmay also be required for palate development. It is
likely that FGF18 signals through mesenchymal FGFR1 and FGFR2 (K. Yu, Karuppaiah, &
Ornitz, 2015). Whether FGF18 directly regulates epithelial Shh is not known, but this could
involve epithelial FGFR3 or another FGFR. MutaFlorenzanotions in FGFR3 that cause
Muenke syndrome have been associated with a high arch palate, submucosal cleft palate, or
cleft palate (Agochukwu et al., 2012; Anderson et al., 2013; Owall et al., 2020).

Analysis of genome-wide association studies (GWAS) data for nonsyndromic orofacial
clefts identified a noncoding mutation that disrupted the activity of a neural crest enhancer
downstream of FGFR2 (Leslie et al., 2015). Conditional inactivation of Fgfr2in epithelium
reduced epithelial proliferation and resulted in cleft palate (Hosokawa et al., 2009).

Hartsfield syndrome is characterized by holoprosencephaly (failure of complete separation
of the two cerebral hemispheres), ectrodactyly (split hand and foot anomaly), and variable
cleft lip/palate and is caused by heterozygous mutations in the tyrosine kinase domain of
FGFR1, homozygous mutations in the extracellular domain in FGFR1, or in one case, a
splicing mutation in FGFRI (Courage et al., 2019; Hong et al., 2016; Palumbo et al., 2019;
Prasad et al., 2016; Takagi et al., 2016). Analysis of FGFR kinase domain mutants in
zebrafish or in cell culture showed that these alleles are likely loss of function or dominant-
negative mutations (Hong et al., 2016; Palumbo et al., 2019).

Conditional inactivation of Fgfr1 in the neural crest lineage in mice resulted in severe
midfacial clefting including cleft lip and palate and caused heterotopic chondrogenesis

and osteogenesis of the anterior frontal bones (Kawai et al., 2019; Wang et al., 2013).
Conditional inactivation of Fgfr1 and Fgfr2in palate mesenchyme, at later stages of
development, impaired palatal shelf elevation and resulted in cleft palate. Additionally,
decreased growth of the mandible prevented tongue displacement from the oral-nasal cavity
which obstructed palatal shelf elevation (K. Yu, Karuppaiah, & Ornitz, 2015).

Collectively, these studies link loss of function or dominant-negative mutations in
mesenchymal FGFRI and FGFRZ2 with the formation of cleft palate.

10.8.4 | Postnatal regulation of the growth plate—During late embryonic and
postnatal bone development, FGF signaling through FGFR3 suppresses chondrocyte
proliferation and differentiation. Loss of function mutations in FGFR3leads to a tall
stature syndrome, CATSHL, and associated enchondromas, and activating mutations in
FGFRS3 cause several dwarfism syndromes including, Hypochondroplasia, Achondroplasia,
and Thanatophoric dysplasia. Several mouse models have been developed that express
Achondroplasia mutations in FGFR3 using a transgenic or knock-in approach (Komla-Ebri
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etal., 2016; Y. C. Lee, Song, et al., 2017; Martin et al., 2018; Shazeeb et al., 2018). Loss
of function mutations in Fgfr3in mice or zebrafish lead to skeletal overgrowth mimicking
CATSHL syndrome (Colvin et al., 1996; Deng et al., 1996; X. Sun, Zhang, et al., 2020).

Established primary signaling pathways downstream of FGFR3 include STAT1,

which suppresses chondrocyte proliferation, and MAPK, which suppresses chondrocyte
differentiation (Escobar et al., 2016; Hogler & Ward, 2020; Y. C. Lee, Song, et al., 2017;
Legeai-Mallet & Savarirayan, 2020; Merker, Neumeyer, Hertel, Grigelioniene, Makitie, et
al., 2018; Merker, Neumeyer, Hertel, Grigelioniene, Mohnike, & Hagenas, 2018; Ornitz
& Legeai-Mallet, 2017; Ornitz & Marie, 2019; Shazeeb et al., 2018; X. Sun, Zhang, et
al., 2020; Unger et al., 2017). Ligands that are likely to activate FGFR3 in the growth
plate include FGF2, FGF9, and FGF18 (Ornitz & Legeai-Mallet, 2017). Inhibition of FGF2
restored defective skeletal growth in a mouse model of Achondroplasia (Kimura et al.,
2021). Overexpression of Fgf9or Fgfi8in perichondrial tissue suppressed growth plate
chondrocytes (Karuppaiah et al., 2016; H. Zhang, Kamiya, et al., 2016).

Further exploration of signaling pathways found that FGF18 induced the expression of
autophagy genes in growth plate chondrocytes through signaling to FGFR4. The autophagy
pathway was shown to be important for the secretion of type Il collagen (COL2), a major
component of the cartilaginous ECM (Cinque et al., 2015). In another study, FGFR3
activation was also shown to inhibit autophagic activity in chondrocytes in vivo through
direct interactions with autophagy protein 5 (ATG5) to suppress chondrogenesis (X. Wang,
Qi, et al., 2015).

To identify additional mechanisms by which FGFR3 signaling suppresses chondrogenesis,
the response of rat chondrosarcoma cells to FGF1 was analyzed using phosphoproteomics
(Chapman et al., 2017). This analysis showed strong expression of phospho-ERK1/2 but
not phospho-STAT1, suggesting possible phosphorylation independent STAT1 function

in chondrocytes (Krejci et al., 2008). Inhibition of FGF9 promotes the growth and
differentiation of ATDC5 chondroprogenitor cells through inhibition of phosphorylation of
AKT and glycogen synthase kinase-3p (GSK3p) (Zhang, Weng, et al., 2021). Inhibition
of GSK3B in cultured metatarsal bones increased FGF18 expression and suppressed
chondrogenesis through regulation of p-catenin levels. This phenotype was suppressed in
tissue lacking FGFR3 (Kapadia et al., 2005). These studies identify feedback mechanisms
between FGF and B-catenin that regulate chondrogenesis.

Analysis of the function of suppressor of cytokine signaling 3 (SOCS3), a negative regulator
of cytokine signaling, showed that mice lacking SOCS3 in chondrocytes had decreased
longitudinal bone growth, attributed to increased FGFR3-MAPK signaling (X. Liu, D’Cruz,
et al., 2019). Mice lacking all four tissue inhibitor of metalloprotienase (TIMP) genes
showed reduced bone growth and premature closure of the growth plates. This was attributed
to increased FGF2 expression and signaling in chondrocytes. Mechanistically, TIMPs
regulate metalloproteinase-mediated release of FGF2 from aggrecan in cartilage matrix (Saw
etal., 2019).
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Another consequence of elevated constitutive FGFR3 signaling in chondrocytes was
shortening of the primary cilia, while transient FGFR3 activation resulted in elongated
primary cilia. Constitutively active FGFR3 signaling was found to suppress intraflagellar
transport velocity and cilia-mediated HH signaling (Kunova Bosakova et al., 2018; Martin
et al., 2018). Consistent with this, in a zebrafish model for CATSHL syndrome, deficiency
of fgfr3led to enhanced IHH and canonical Wnt/B-catenin signaling (X. Sun, Zhang, et al.,
2020).

10.8.5| Postnatal regulation of cortical and membranous bone—Genetic
inactivation of Fgfr1 and Fgfr2in osteoprogenitor cells identified a cell autonomous role in
osteogenesis and a cell non-autonomous effect on the adjacent growth plate that suppressed
chondrogenesis impairing longitudinal bone growth by 50% (Karuppaiah et al., 2016).

Inactivation of FGFR3 in chondrocytes led to increased chondrocyte hypertrophy and

to a cell non-autonomous increase in bone mass resulting from increased expression of
osteogenic factors, Bmps, Ihh, Wnt4, and TgiB, in Fgfr3-deficient chondrocytes (Wen et
al., 2016). This is in contrast to adult mice that lack Fgfr3, which show bone overgrowth
and osteopenia (Colvin et al., 1996; Eswarakumar & Schlessinger, 2007; Valverde-Franco
et al., 2004). These phenotypes show that FGFR3 has distinct cell autonomous and cell
non-autonomous functions in multiple bone cell types. Activation of FGFR3 in immature
osteoblasts led to osteopenia and reduced cortical thickness in long bones of adult mice and
activation of FGFR3 in hypertrophic chondrocytes led to decreased bone growth (Biosse
Duplan et al., 2021).

Inactivation of FGFR3 in osteoclasts impaired their ability to resorb bone, resulting in
increased bone mass (Su et al., 2016).

10.8.6 | Skeletal homeostasis—Multiple canonical Fgfs (including Fgfs 1, 3, 4, 5,

7, 8, 10, and 18) were expressed in total bone tissue (including bone marrow) from 4- to
6-week-old mice. In an osteocyte cell line, Fgfs 7and 10 were expressed at higher levels
compared to other Fgfs. In vitro, FGF7 promoted the elongation of osteocyte processes and
connexin 43 (Gjal) expression (X. Y. Liu, Li, et al., 2018).

Mice lacking Fg72 develop normally but become osteoporotic as they age, indicating that
Fgr2is required to maintain bone mass (Coffin et al., 2018). Mechanistically, in the absence
of FGF2, the anabolic effects of parathyroid hormone (PTH) were decreased, in part through
uncoupling to Wnt signaling (Xiao et al., 2009, 2018). Three-month-old male (but not
female) mice that conditionally inactivated Fgf9in osteoblasts, showed decreased trabecular
and cortical bone thickness, demonstrating an autocrine role for FGF9 in regulating bone
mass in males (L. Wang, Roth, et al., 2017).

Mice lacking the negative regulator of FGF signaling, SEF, show no embryonic skeletal
phenotype, but develop a high bone mass phenotype by 2 months of age (He et al., 2014).
Bone marrow cells from Sef”~ mice showed increased response to FGF2 and primary
periosteal cells from Sef”~ mice showed increased osteoblast differentiation.
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Fgfrlis expressed in mature articular chondrocytes. To determine if FGFFR1 signaling

was required to maintain articular cartilage, the Fgfr1 gene was conditionally inactivated

in chondrocytes of 8-week-old mice. After aging to 18 months, wild-type controls mice
showed spontaneous degeneration of the temporomandibular joint surface, while conditional
knockout mice were protected (Z. Wang, Huang, et al., 2018). These data are consistent
with proposed catabolic roles for FGFR1 and anabolic roles for FGFR3 signaling in articular
cartilage (Xie, Zinkle, et al., 2020).

In postnatal growing bone, Fgfr1 expression in mature osteoblasts and osteocytes is required
for bone homeostasis and maintaining the viability of osteocytes. Mice lacking FgfrZ or both
Fgfrland Fgfr2are phenotypically normal at birth; however, these mice show a delayed (>6
weeks of age) high bone mass phenotype with increased periosteal apposition and increased
and disorganized endocortical bone. The increased bone mass was thought to be secondary
to osteocyte death and activation of Wnt signaling (McKenzie et al., 2019).

10.8.7 | Skeletal regeneration

FGEF signaling in appendage regeneration in nonmammalian vertebrates: The ability to
regenerate amputated or injured appendage tissues, with the exception of the very tip of the
digit, was lost in mammals during vertebrate evolution. However, appendage regeneration
readily occurs in nonmammalian vertebrates including amphibians, lizards, and zebrafish.
Understanding the mechanism of appendage regeneration in non-mammalian vertebrates is
expected to provide a pathway for the development of effective regenerative strategies in
mammals (Daponte et al., 2021).

In axolotls and other urodele amphibians, limb regeneration can be induced by grafting

a blastema onto a limb stump. In blastema tissue that expresses FGF8 (anterior),

SHH expression maintains FGF8 expression and is sufficient to induce complete limb
regeneration. In blastema tissue that lacks FGF8 expression (posterior), a combination of
SHH and FGF8 can induce complete limb regeneration (Nacu et al., 2016). In an ectopic
limb formation model in axolotls, it was found that limb wounds that are first treated with a
combination of FGF2, FGF8, and BMP2, followed by RA treatment of the resultant mid-bud
stage blastema, resulted in the generation of limbs with a complete proximal/distal and
anterior/posterior limb axes (Vieira et al., 2019).

In urodele amphibians (salamanders, including newts and axolotls), limb regeneration
requires neural input. Experimental innervation of wounded skin leads to formation of an
accessory limb. In place of experimental innervation, application of BMP2 or BMP7 in
combination with FGF2 and FGF8 could also induce accessory limb formation in wounded
skin (Makanae et al., 2014). Using gain- and loss-of function experiments, FGF8 and BMP7
were identified as the necessary factors, made in dorsal root ganglion (DRG) neural cells,
and delivered to regenerating limb regions through DRG axons (Satoh et al., 2016). FGF2,
FGF8, and BMP7 also show similar inductive effects in tail regeneration in the axolotl,
Ambystoma mexicanum (Makanae et al., 2016). Similarly, gill regeneration in the axolotl
requires FGF2, FGF8, BMP2, and BMP7 input from the trigeminal ganglia (Saito et al.,
2019). Cyclooxygenase-2 (COX-2) converts arachidonic acid to prostaglandins such as
PGE2, which affects cell proliferation, apoptosis, angiogenesis, inflammation, and immune
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surveillance. Inhibition of COX-2 showed an interaction of prostaglandin signaling with
matrix metalloproteinases (MMPs) and FGF2 that was essential for the initiation of tail
regeneration in the Gecko, Hemidactylus flaviviridis (Buch et al., 2018). Xenopus laevis
(anuran amphibian) can only partially regenerate severed limbs. Hyperinnervation of the
blastema could improve regeneration leading to a branched structure in the regenerating
limb that could be partially recapitulated with electroporation of Bmp7, Fgf2, and Fgr8
(Mitogawa et al., 2018).

In zebrafish fin regeneration, Laminin beta 1a (Lamb1a) is a key component of the
regeneration epidermis, a specialized structure required for appendage regeneration.
FGF20a, a paralog of FGF20, is required for fin regeneration and was found to directly
regulate the expression of Lambla, providing a function for FGF20a in formation of a
signaling-competent regeneration epidermis (C. H. Chen, Merriman, et al., 2015). Gene
expression analyses in zebrafish identified HSPGS (glypicans and syndecans) in the distal
and lateral basal layers of the wound epidermis, the distal most blastema, and more proximal
blastema regions, as potential regulators of growth factor signaling (Keil et al., 2021).
FGF20a, and FGF3 and FGF10a, were the major FGF ligands expressed in the wound
epidermis and blastema, respectively. Early epidermal FGF20a and the later blastemal
FGF3 and FGF10a are directly required for fin ray mesenchyme to form the blastema

at the early pre-blastema stage and to activate regenerative cell proliferation at a later
post-blastema stage, respectively (Shibata et al., 2016). The skeleton of adult zebrafish fins
comprises lepidotrichia, which are dermal bones of the rays, and actinotrichia, which are
non-mineralized spicules at the distal margin of the fin. Inhibition of FGF signaling shows
that FGF signaling is necessary for maintenance of the actinotrichia-specific structural
protein, actinodin, and its de novo deposition during fin regeneration (Konig et al., 2018).

FGF signaling in mammalian digital tip regeneration: The capacity for regeneration

of most tissues was lost in mammalian evolution. However, digit tip regeneration is one

of the few examples of true multi-tissue regeneration that occurs in adult mammals. The
blastema is a transient proliferating cell mass that forms at the tip of an amputated digit.
The regenerative environment promotes various local cells to acquire a blastema state which
can then generate the different cell types required for digit regeneration. Understanding
blastema formation and function should provide insights into therapeutic strategies to
promote mammalian tissue regeneration and repair (Qu et al., 2020; Storer et al., 2020).

Amputation in the middle of the terminal phalanx, distal to the nail matrix, results in the
formation of a blastema and complete skeletal regeneration, whereas amputation at more
proximal locations fail to form a blastema and results in scar formation (Muller et al.,
1999). The homeobox-containing gene, Msx1, is expressed in the blastema of amphibians
and mammals and is required for digit tip regeneration (Han et al., 2005). In mouse

bone marrow-derived mesenchymal stem cells (MBMSCs), Msx1/2 gene overexpression
increased the expression of specific blastemal markers and enhanced the proliferation rate
and osteogenesis of blastema-like cells via induced expression of Fgf8and Bmp4. When
Msx1/2-transduced mBMSCs were injected into a non-regenerative proximal amputation,
the full digit tip was regenerated (Taghiyar et al., 2017). In another transplantation model,
in which a non-regenerating amputation was made in the mouse middle phalange (P2),
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transplanted iPSC-derived limb progenitor-like cells were also able to stimulate phalange
regrowth (Y. Chen, Xu, & Lin, 2017).

Another example of blastema formation occurs in wound-induced hair follicle neogenesis
(WIHN). A process in which fully functional hair follicles regenerate de novo in the center
of large excisional wounds. WIHN largely duplicates the morphological and signaling
features of normal embryonic hair development. Similar to hair development, WIHN
critically depends on the activation of canonical WNT signaling. However, unlike hair
development, WNT activation in WIHN is dependent on FGF9 signaling generated by the
immune system’s gamma delta T cells (Gay et al., 2013; X. Wang, Hsi, et al., 2015).

Stem cells in skeletal repair: Dental pulp may provide a relevant and accessible source

of adult mesenchymal stem cells for the repair and regeneration of craniofacial tissues,

as dental pulp stem cells display strong osteogenic properties and are efficient at bone
formation and repair. Treatment of dental pulp stem cells with FGF2 and hypoxia

increased proliferation and osteogenic differentiation leading to enhanced intramembranous
bone formation in xenograft models with calvarial defects (Novais et al., 2019). Adipose-
derived mesenchymal stem cells (ADSCs) engineered to overexpress FGF2 showed
increased vascular endothelial growth factor (VEGF) expression. When incorporated into
newly formed fracture callus these cells stimulated angiogenesis and resident stem cell
differentiation into osteoblasts, to accelerate fracture repair (H. Zhang, Kot, et al., 2017).
Neural crest-derived osteogenic progenitors (OPs) were found to express high levels of
FGF1. Knockdown of Fgf1 in these cells resulted in decreased ERK1/2 levels and RUNX2
expression, suggesting an autocrine role for FGF signaling (Kidwai et al., 2020). Analysis of
an FGF9 (p.S99N) loss-of-function mutation in mice was used to show that FGF9 functions
to inhibit BMSC osteogenesis and mineralization and increase osteoclastogenesis suggesting
that endogenous FGF9 is a negative regulator of bone homeostasis (Tang et al., 2021). In
vitro, FGF9 suppressed osteogenic differentiation of BMSCs (Lu et al., 2015). Another
readily available source of human mesenchymal stem cells (MSCs) is the palatine tonsils.
Tonsil-derived mesenchymal stem cells (T-MSCs) were found to express high levels of
FGF5. Knockdown of Fgf5inhibited T-MSC proliferation and differentiation (G. C. Park,
Song, et al., 2016). Synovium-derived stem cells (SDSCs) may be useful for cartilage
regenerative therapies. FGF2, but not FGF10, was shown to increase glycosaminoglycan
deposition, pellet size, and chondrogenic gene expression, following chondrogenic induction
and osteogenic genes following osteogenic differentiation (Pizzute et al., 2016). SDSCs that
were cultured with FGF2 were able to repair osteochondral defects induced in the femoral
trochlea (Okamura et al., 2020). FGF2 and FGF18 were shown to promote chondrogenesis
of BMSCs grown in micromass culture under chondrogenic conditions (C. Shu, Smith, et al.,
2016). Differentiation of human MSCs to an articular chondrogenic fate was enhanced by
sequential treatment with FGF2, which increased cell proliferation and expression of SOX9.
Subsequently, in combination with TGF@, FGF9 and FGF18 promoted an anabolic effect
and inhibited terminal hypertrophic differentiation (Correa et al., 2015).

EGEF signaling in cartilage repair: Articular cartilage expresses FGFR1 and FGFR3
(Ornitz & Marie, 2015; Z. Wang, Huang, et al., 2018; Weng et al., 2012; Yan et
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al., 2011; Zhou et al., 2016). In models for osteoarthritis (OA), FGFRL1 signaling is
catabolic (worsening outcomes), while FGFR3 is anabolic (protecting against OA) (T.

M. Chen, Chen, Sun, & Tsai, 2019; Ellman et al., 2013; Xie, Zinkle, et al., 2020).
Consistent with this model, expression of FGFR3 p.G380R (activating mutation in
Achondroplasia) in chondrocytes was found to prevent sclerotic changes of the subchondral
bone and subsequent cartilage degeneration (Okura et al., 2018). Additionally, patients with
Achondroplasia have lower incidence of OA despite having other risk factors (obesity,
bowed legs) (Klag & Horton, 2016; Valverde-Franco et al., 2006). Mice lacking the
N-terminal glycosaminoglycan attachment sites in perlecan (Hspg2), a heparan sulfate
proteoglycan that is localized to the basement membrane, maintain FGFR3 expression

and have less severe pathology after induction of OA. This study suggests that perlecan

HS may inhibit FGFR3 signaling in articular chondrocytes (C. C. Shu, Jackson, et al.,
2016). In the DMM (destabilization of the medial meniscus) model for OA, treatment with
FGF21 reduced OA phenotypes. In vitro, FGF21 protected chondrocytes from apoptosis,
senescence, and ECM catabolism in response to oxidative stress (Lu et al., 2021).

In a temporomandibular joint (TMJ) model for OA, inactivation of FgfrI in chondrocytes of
adult mice was protective. In this model, Fgfr1 deficiency decreased expression of matrix
metallopeptidase 13 (MMP13), ADAM metallopeptidase with thrombospondin type 1 motif
5 (ADAMTS5), and collagen type X alpha 1 chain (COL10A1) but increased aggrecan
(ACAN) expression and autophagy pathway components (Z. Wang, Huang, et al., 2018).
Similarly, a small molecule inhibitor that is selective for FGFR1 improved outcomes in a
mouse model for OA and reduced catabolic activity in human articular chondrocytes in vitro
(W. Xu, Xie, et al., 2016).

FGF1 and FGF2 are expressed in human articular chondrocytes (Abd El Kader et al., 2014;
Vincent et al., 2007). FGF1 had catabolic effects on cultured articular chondrocytes from
OA patients (EI-Seoudi et al., 2017). Mice that overexpress high molecular weight FGF2,
which preferentially activates FGFR1, develop an OA phenotype after 2 months of age (Meo
Burt et al., 2016). This phenotype was mitigated by treatment with the FGFR tyrosine kinase
inhibitor NVP-BGJ398 (Xiao et al., 2020).

Avrticular chondrocytes also express FGF18 (Hagan et al., 2019; Mori et al., 2014). FGF18
selectively activates FGFR3 and is protective for articular chondrocytes (Barr et al., 2014;
Howard et al., 2015; Mori et al., 2014; Power et al., 2014; Zhang, Ibrahimi, et al., 2006).

In primary articular chondrocytes, recombinant FGF18 increased ECM production and cell
proliferation but strongly suppressed type | collagen expression and did not induce markers
of hypertrophy (Gigout et al., 2017; Muller et al., 2020). In a model in which articular
chondrocytes were seeded in a Fibrin-Hyaluronan based hydrogel, mechanical loading

in combination with FGF18 induced expression of articular chondrocyte matrix genes,
ACAN, cartilage oligomeric matrix protein (COMP), COLZA1, and proteoglycan 4 (PRG4/
Lubricin), and suppressed expression of MMPIand MMPI13 (Antunes et al., 2020). In
human knee OA articular cartilage explants, FGF18 induced biphasic cartilage remodeling,
with early-phase increased aggrecanase activity and late-phase increased type Il collagen
formation (Reker et al., 2020). These studies suggest that FGF18 may be a useful therapeutic
for OA. Several clinical trials have used recombinant FGF18 (Sprifermin) in patients with
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OA resulting in a statistically significant increased total femorotibial joint cartilage thickness
after 2 years. However, it is not yet known whether FGF18 treatment improves clinical
outcomes (Dahlberg et al., 2016; Eckstein et al., 2020; Hochberg et al., 2019; J. Li, Wang,
Ruan, et al., 2021; McClurg et al., 2021; Xie, Zinkle, et al., 2020).

FGF signaling in bone repair: The expression of FGF ligands and receptors have been
studied in several models of bone repair, including long bone fracture healing, cortical and
calvarial bone defect healing, and distraction osteogenesis (a bone lengthening procedure
used in Achondroplasia patients) (Charoenlarp et al., 2017; Osawa et al., 2017). Skeletal
fracture healing involves both endochondral and intramembranous programs (Einhorn &
Gerstenfeld, 2015; Ko & Sumner, 2021).

In a skeletal fracture model in mice, Fgfs 1, 2, 5, 6, 9, 16, 17, and 18and Fgfrs 1, 2,

and 3were expressed soon after injury, in the fracture callus, or in mineralizing bone
(Charoenlarp et al., 2017; Schmid et al., 2009). In a stabilized fracture model, mice
lacking Fgfr3had increased cartilaginous callus, accelerated endochondral ossification, and
callus mineralization (Xie et al., 2017). In contrast, mice expressing activating mutations
in Fgfr3in periosteal cells had impaired bone healing attributed to a failure of cartilage-
to-bone transformation that is required for remodeling of the fracture callus (Julien et

al., 2020). Fgfr3*°" mice express activated FGFR3 (p.G380R) in chondrocytes driven by
the Col2A1 promoter (Naski et al., 1998). In a mouse model of distraction osteogenesis,
activated FGFR3 signaling (Fgr3*¢" mice) led to enhanced new bone regeneration in the
consolidation phase by accelerating endochondral ossification (Osawa et al., 2017).

In a calvarial bone repair model, FGF2 (18 kDa) enhanced healing of the bone defect and
improved the efficacy of low concentrations of BMP2 (L. Xiao, Ueno, et al., 2014). FGF2
and BMP2 synergized to promote osteoblastic differentiation of C2C12 myoblasts in vitro
and local sustained administration of FGF2 and BMP2 promoted ectopic bone formation in a
rat model (Song et al., 2017).

EGEF signaling in rheumatoid arthritis: Rheumatoid arthritis (RhA) is a chronic systemic
autoimmune disease that primarily affects synovial joints. Continuous joint inflammation
promotes cartilage and bone damage and eventually systemic complications (Lopez-Pedrera
et al., 2020). Serum and synovial fluid FGF21 levels are elevated in patients with RhA
(Hulejova et al., 2012). In a mouse model of collagen-induced arthritis (CIA), treatment with
FGF21 improved clinical symptoms and joint histology, reduced levels of pro-inflammatory
cytokines, and reduced obesity-mediated inflammation (S. M. Li, Yu, Li, et al., 2016; W.

F. Wang, Li, et al., 2015; Y. Yu, Li, et al., 2015). Treatment of CIA mice with FGF21
showed similar efficacy to treatment with the FDA-approved drug, Adalimumab (D. Yu, Ye,
etal., 2017). FGF21 therapy, in combination with dexamethasone, improved the treatment
of arthritis in CIA mice, possibly by mitigating some of the adverse effects associated

with dexamethasone (X. Sun, Xie, et al., 2021). Metformin (an AMP-activated protein
kinase activator), a drug used to treat T2D and obesity, has shown efficacy in experimental
autoimmune arthritis. In obese CIA mice treated with metformin, FGF21-expressing cells
were increased in the spleen, liver, and brown adipose tissue (BAT) (E. K. Kim, Lee, et al.,
2018). These studies suggest that FGF21 may be a promising therapeutic agent for RhA
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patients. In patients with RhA, those with the highest levels of serum FGF21 were associated
with worsening in physical functioning, indicating that FGF21 might serve as a biomarker

to identify patients at risk for functional decline (Gould et al., 2020). Similarly, in patients
with RhA, serum FGF23 levels were correlated with inflammation, disease severity, and
bone absorption markers, indicating that FGF23 may be associated with abnormal bone
absorption related to inflammation in RhA (Sato et al., 2016).

Ankylosing spondylitis (AS) is an inflammatory disease that affects the axial skeleton and
joints. An important pathological feature of AS is the replacement of articular cartilage with
vascularized granulation tissue. Activating transcription factor 6 (ATF6) was identified as
an important regulator of pathological angiogenesis in AS and ATF6 was shown to directly
promote FGFZ2transcription in chondrocytes (Ma et al., 2021). Increased FGF2 may both
promote pathological angiogenesis and catabolic effects on chondrocytes through FGFR1
activation in ECs and articular chondrocytes, respectively (Presta et al., 2009; Weng et al.,
2012).

10.9| Skeletal muscle

10.9.1| Skeletal muscle development and aging—During Drosophila
metamorphosis, skeletal muscles of the adult appendages are generated from pools of
quiescent adult muscle progenitors (AMPs) that were specified during embryogenesis. FGF
ligands, thisbe (Ths) and pyramus (Pyr), are expressed in wing imaginal disc epithelium.
The proliferation of AMPs in the wing disk that gives rise to the indirect flight muscles
requires signaling through the Aeartless (Htl) FGFR (Everetts et al., 2021;Vishal et al.,
2020). Mechanistically, Ht/enhances Wingless (Wg)/Wnt-associated Armadillo (Arm)/pB-
Catenin signaling to promote AMP proliferation, suggesting that combinatorial FGF/Wnt
signals regulate adult myablast cell numbers (Vishal et al., 2020). FGF signaling in the wing
imaginal disk is also required to target migrating myoblasts to domains of adult myogenesis
(Everetts et al., 2021). In developing skeletal muscle in the Drosophilaembryo, elongating
myotubes make specific attachments to tendons. In the absence of the FGFR At/ or its ligand
FGF Pyr, myotube guidance was disrupted. This phenotype was attributed to effects on the
cytoskeleton by FGF-regulated Rho/Rac GTPases in nascent myotubes (S. Yang, Weske, et
al., 2020).

FGF signaling is a critical pathway for myogenesis in vertebates. The expression of FGFR4
and Spry1 are direct targets of Pax3, a transcription factor expressed in paraxial mesoderm
that is required for myogenesis (Lagha et al., 2008). The embryonic form of myosin heavy
chain 3 (Myh?3) is expressed in myofibers but not in myogenic progenitors (myoblasts). Loss
of Myh3led to a cell non-autonomous acceleration of myoblast differentiation leading to
depletion of progenitors. This was accompanied by decreased levels of phospho-FGFR4,
phospho-AKT, phospho-STAT3, the feedback regulator SpryZ, and expression of FGF1 and
FGF2, suggesting reduced FGF signaling. This differentiation phenotype could be rescued
with exogenous FGF (Agarwal et al., 2020). Fgf9is expressed in muscle and periosteum.
In vitro studies show that FGF9 inhibits myogenic differentiation of C2C12 myaoblasts and
human skeletal muscle cells (J. Huang, Wang, et al., 2019).
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In zebrafish during the late stages of gastrulation, FGF signaling is required for the initiation
of myogenesis and acts in cooperation with Thx16/Thxta to induce slow and fast trunk
muscle precursors at distinct dorsoventral positions. Thx16 directly activates the my75and
myod genes, while Thxta only regulates Myod (Osborn et al., 2020). During somitogenesis,
FGF signals directly pattern the fast muscle progenitors along the somite anterior-posterior
axis. FGF also acts indirectly to determine the precise temporal window of exposure of
slow muscle progenitors to Shh and BMP signaling through its direct effect on fast muscle
differentiation (Yin et al., 2018).

Studies in mice showed that the expression of FGF2 was increased with age in injured
myofibers that were in close proximity to satellite cells. FGF2 was not present in satellite
cells, which robustly express the FGFR signaling antagonist, SpryZ (Chakkalakal et al.,
2012). Consistent with this, high levels of FGF2 in aged muscle do not result in increased
pERK1/2 in satellite cells (Li et al., 2015). However, another study showed that the level
of FgZ mRNA was decreased in old compared to young mouse skeletal muscle (Homer-
Bouthiette et al., 2021). Mice lacking Fg72 showed increased fibrosis at 5 months of age
and looked histologically similar to wild-type mice at 20 months of age. Compared to old
wild-type mice, old Fg727~ mice had decreased muscle strength and increased skeletal
muscle inflammation (Homer-Bouthiette et al., 2021). Lack of FGF2 thus exacerbates a
sarcopenia-like phenotype in aging mice. Together, these studies suggest that in old mice
there may be a non-muscle cell source of FGF2.

Aged skeletal muscle is characterized by intramuscular fatty infiltration. In human skeletal
muscle, FGF2 expression positively correlates with aging. Although FGF2 stimulates
muscle growth, it also promotes intramuscular adipogenesis by suppression of the secreted
adipogenic inhibitor SPARC (Mathes et al., 2021). Skeletal muscle-associated mitochondrial
disease can result in hyperlactatemia. In response to lactate, skeletal muscle cell lines

were shown to release high levels of FGF21. FGF21 could mediate some of the systemic
metabolic changes seen in hyperlactatemic patients (Villarroya et al., 2018).

10.9.2| Skeletal muscle regeneration—FGFs are essential for activation and
proliferation of skeletal muscle stem cells (satellite cells) and are required for maintenance
and repair of skeletal muscle. FGF2 and FGF6 are the only FGFs known to regulate satellite
cell function in vivo. The role of FGF in the regulation of satellite cells in vertebrates shows
some similarities to FGF regulation of adult muscle progenitors (AMPS) in Drosophila.

During aging, reduced responsiveness to FGF diminished satellite cell self-renewal, leading
to impaired skeletal muscle regeneration and depletion of satellite cells (Pawlikowski et al.,
2017). This decline in self-renewal with age and impaired FGF signaling is accompanied by
altered Bl-integrin activity (Bernet et al., 2014; Rozo et al., 2016). p1-integrin was shown
to cooperate with FGF2 to maintain satellite cell homeostasis and to sustain their expansion
and self-renewal during regeneration (Rozo et al., 2016).

Cdon (also called Cdo), is a cell surface protein that interacts with N-cadherin at contact
sites between skeletal myoblasts. Inactivation of Cdon specifically in satellite cells impaired
muscle regeneration, increased fibrosis, and increased cellular senescence in satellite cells.
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Analysis of cell signaling showed reduced phospho-ERK1/2 and impaired B1-integrin
activation. Cdon forms complexes with FGFR1 and FGFR4, and Cdon inactivation reduces
cell surface levels of FGFRs (Bae et al., 2020).

Adult zebrafish extraocular muscles (EOM) regenerate through a process of myocyte
dedifferentiation, which involves a muscle-to-mesenchyme transition, followed by cell
cycle reentry of differentiated myocytes. Inhibition of FGFR signaling impaired muscle
regeneration by reducing cell proliferation and active caspase 3 levels (Saera-Vila et al.,
2016). In zebrafish, caspase 3 has a non-apoptotic role in promoting skeletal muscle
differentiation, thus linking FGF signaling with the early steps of myocyte dedifferentiation.

A functional role for endocrine FGFs, FGF15/19, FGF21, and FGF23, was identified in
skeletal muscle in vivo. FGF15/19 caused skeletal muscle hypertrophy in mice. Moreover,
mice lacking the obligate co-receptor for FGF15/19, Klotho (KLB), in skeletal muscle
were unresponsive to the hypertrophic effect of FGF15/19. FGF15/19 reduced the amount
of skeletal muscle atrophy induced by glucocorticoid treatment or obesity and age-related
loss of muscle mass (sarcopenia). The ability of FGF15/19 to increase skeletal muscle mass
suggests that it may have therapeutic potential for the treatment of muscle wasting (Benoit et
al., 2017).

FGF21 is expressed at very low levels in normal healthy skeletal muscle. However, FGF21
expression and secretion are induced in skeletal muscle in both mice and humans in
response to physiological (exercise) and pathological conditions, including fasting, ER
stress, mitochondrial myopathies, inflammation, and metabolic disorders (Tezze et al.,
2019). In response to mitochondrial uncoupling, increased circulating levels of FGF21
caused browning of white adipose tissue. However, there are conflicting data as to whether
FGF21 functions as the key metabolic mediator of the mitochondrial stress response in
muscle (Keipert et al., 2014; Ost et al., 2016; Pereira et al., 2017; Rodriguez-Nuevo et al.,
2018; Tezze et al., 2017; Vandanmagsar et al., 2016).

In addition to endocrine effects, skeletal muscle-derived FGF21 also has local paracrine
activity. Although FGF21 does not contribute to muscle homeostasis under basal conditions,
muscle-specific Fg721 knockout mice indicate that FGF21 is required for fasting-induced
muscle atrophy and weakness. The contribution of FGF21 to the atrophy program was

also supported by in vivo FGF21 overexpression in muscles, which was found to induce
autophagy and muscle loss. FGF21 is therefore proposed to be a novel regulator of muscle
mass (Oost et al., 2019). In skeletal muscle fibers in vitro, low levels of FGF21 induced
glucose uptake mediated by the glucose transporter, GLUT4. These data suggest that muscle
contractile activity, known to induce FGF21 production, may improve glucose uptake into
muscle via FGF21 signaling (Rosales-Soto et al., 2020; Tezze et al., 2019).

Skeletal muscle inflammation induced by obesity contributes to skeletal muscle loss/atrophy
and is implicated in metabolic complications such as insulin resistance. In FGF21-deficient
obese mice, there was increased expression of factors associated with muscle atrophy,
increased levels of inflammatory cytokines, and reduced AMP-activated protein kinase
(AMPK) phosphorylation. These studies suggest that in obese mice, FGF21 is protective
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for inflammation-mediated atrophy through AMPK signaling (C. S. Kim, Joe, Choi, et al.,
2019).

Sustained exercise also increased FGF23 mRNA and protein expression in skeletal muscle
but not in other tissues. Exogenous FGF23 treatment improved exercise performance by
extending the time to exhaustion and reducing exercise-induced reactive oxygen species
(ROS) and H,0, production. Exercise-stimulated FGF23 may thus enhance mitochondrial
function in skeletal muscle to improve performance (D. J. Li, Fu, Zhao, et al., 2016).

Skin and wound healing

10.10.1| Skin development—Epidermal development begins at around E8.5 in mice
at which time the embryonic ectoderm begins to express the transcription factor p63, which
is expressed in basal cells (ectodermal stem cells). p63 is essential for maintaining basal
cell stemness, proliferation, and capacity for asymmetric cell division. By E14.5, basal cells
initiate asymmetric division to form an intermediate layer. By PO, the intermediate layer
forms the postmitotic suprabasal stratified layers of keratinocytes (spinous, granular, and
stratum corneum layers), which are required to form a functional barrier (Flora & Ezhkova,
2020). Epidermal production of Wnt ligands is essential for the formation of the spinous
layer. Mechanistically, Wnt, produced by proliferating basal cells activates a BMP-FGF
signaling cascade in the underlying dermis. BMP4 cell non-autonomously activates dermal
expression of FGF7 and FGF10, which promotes basal cell proliferation (Zhu et al., 2014).

FGFR2b signaling regulates all stages of keratinocyte differentiation (Rosato et al., 2018).
FGF7 signaling to FGFR2b induced autophagy in keratinocytes through activation of PLCy
and Jun N-terminal protein kinase 1 (JNK1) signaling. Inhibitors of autophagy blocked
FGF7-induced differentiation of keratinocytes (Belleudi et al., 2014; Nanni, Ranieri, Rosato,
et al., 2018). The level of expression of FGFR2b also regulated the rate of phagocytosis

and autophagy in keratinocytes, suggesting that FGFR2b signaling could affect skin
pigmentation by regulating the number of melanosomes in keratinocytes (Nanni, Ranieri,
Raffa, et al., 2018).

10.10.2 | Hair follicle development—Several intercellular signaling pathways are
critical for initiating and patterning hair follicle development (Biggs & Mikkola, 2014;

de Groot et al., 2021; Saxena et al., 2019). Hair follicle primordia contain high levels of
WNT activity and are a source of FGFs, BMPs, BMP inhibitors, and TGFp (de Groot
etal., 2021). FgFf20is expressed in primary ectodermal hair placodes prior to detectable
markers of the dermal condensation (Huh et al., 2013). However, patterning the location

of hair follicles involves an inherent capacity for the dermis to self-organize. Mesenchymal
self-organization depends on restricted TGF signaling, which facilitates cell movement

to locally pre-patterned sources of FGF (Glover et al., 2017). The hair follicle dermal
condensation is the precursor to the dermal papilla, which regulates hair cycling throughout
life. Formation of the dermal condensation requires FGF20, which regulates cell cycle exit,
cell shape changes, and directional cell migration (Biggs et al., 2018).

Hair follicles go through continuous cycles of growth (anagen), regression (catagen), and
rest (telogen) throughout their lifetime (Alonso & Fuchs, 2006; Houschyar et al., 2020).
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The hair follicle cycle is regulated in part by Wnt and FGF signaling interactions within
the dermal papilla, which regulates the production of Wnt agonists and antagonists which
regulate epithelial Wnt signaling and the hair follicle cycle. Inactivation of Fgfrl and Fgfr2
in the dermal papilla resulted in an extended anagen phase and hair overgrowth (Harshuk-
Shabso et al., 2020).

Mice with a mutation in Fgf5 have abnormally long hair (Angora mouse) (Hébert et al.,
1994). Similarly, disruption of Fgf5in Syrian hamsters, goats, rabbits, or longhair cats
causes hair overgrowth (Hébert et al., 1994; Shaffer et al., 2021; X. Wang, Cai, et al., 2016;
Y. Xu, Liu, et al., 2020; Yoshizawa et al., 2015). Consistent with these animal models,
familial trichomegaly (extreme eyelash growth) in humans is caused by pathogenic loss of
function mutations in FGF5 (Higgins et al., 2014). In hair follicle organ cultures, FGF5
induced regression of hair follicles (Higgins et al., 2014).

Merkel cells are innervated mechanosensory cells responsible for light-touch sensations.
SOX9-positive cells in hair follicles give rise to hair follicle stem cells and Merkel Cells.
SOX9 is critical for hair follicle stem cell specification, whereas FGFR2 is required for
Merkel cell formation (Nguyen et al., 2018).

10.10.3| Wound healing—Cutaneous wounding causes an immediate inflammatory
response, epithelial, endothelial, and fibroblast proliferation and migration, and contraction
and remodeling of the ECM. At the signaling level, the production of TGF1 is rapidly
increased by wounding. As the wound is re-vascularized, fibroblasts acquire an activated,
highly contractile myofibroblast phenotype, which though necessary to close the wound, can
also form dense collagen-I containing scar tissue (Grella et al., 2016). The FGF7 family of
FGF ligands (FGFs 7, 10, and 22) are also increased in response to wounding. These FGFs
signal to FGFRs 1b and 2b in keratinocytes (Maddaluno et al., 2017).

Mice lacking FGFRs 1 and 2 in keratinocytes develop a chronic dermatitis phenotype due to
an impaired epidermal barrier resulting from loss of tight junction components (Yang et al.,
2010). Epithelial barrier defects were made worse with the additional inactivation of FGFR3
in keratinocytes (Meyer et al., 2020). Furthermore, wound repair is severely delayed, with
impaired wound contraction and delayed re-epithelialization caused by reduced expression
of components of focal adhesions including focal adhesion kinase and paxillin (Meyer et al.,
2012).

In the dermis, TGFB1-SMAD2/3 signaling regulates transcription of Integrin all (ITGA11),
a major fibrillar collagen receptor in fibroblasts, to promote the formation of scar

tissue (Grella et al., 2016). FGF2 has been shown to reduce scarring during wound

healing by slowing the differentiation of epidermal progenitor cells into myofibroblasts

(Xie et al., 2008). Treatment of wounded skin in mice with FGF2 showed that wound

edge keratinocytes took on mesenchymal character (decreased E-cadherin and increased
vimentin) allowing enhanced migration toward the wound center. In vitro, FGF2 alone

was insufficient to promote EMT; however, FGF2 enhanced TGFB-induced EMT (Koike

et al., 2020). Depletion of ESRP1, the splicing factor required for FGFR2b, resulted in
increased expression of FGFR2c, activation of PKCe signaling, and expression of the EMT-
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related transcription factors STAT3, Snaill, and FRAL (Ranieri et al., 2020). FGF2 and
physiological low oxygen levels altered fibroblast participation in wound healing, leading to
a more pro-regenerative phenotype (Kashpur et al., 2013; Page et al., 2011). Mechanistically,
FGF2 suppressed TGFB1 induction of ITGA11 expression at least in part through activation
of ERK1/2 (Grella et al., 2016).

Adult mammalian skin has the capacity to regenerate fully functional hair follicles de novo
in the center of large excisional wounds (wound-induced hair follicle neogenesis, WIHN)
(Wier & Garza, 2020). Unlike hair development, WNT activation in WIHN is dependent
on FGF9 signaling generated by y6 T cells (Gay et al., 2013; X. Wang, Hsi, et al., 2015).
Additionally, M2 macrophages produce IGF1 and FGF2, which could also promote WIHN
(Kasuya et al., 2018).

In a tissue-expansion model of skin regeneration, depletion of macrophages resulted in
decreased skin thickness and collagen density and reduced vascularization. After 5 weeks of
tissue expansion, levels of Fgf2were decreased in skin but other growth factors (Egf, 7g1B,
and Veg/) were not changed, suggesting a requirement for FGF2 in skin regeneration (Ding
etal., 2019).

Systemic sclerosis (SSc) is a prototypical fibrosing connective tissue disease. In SSc, TGFp
selectively upregulates FGFR3 and its ligand FGF9. FGFR3 activated multiple downstream
signaling pathways to promote a fibroblast-to-myofibroblast transition in a mouse model
(bleomycin-induced skin fibrosis) of SSc (Chakraborty et al., 2020). Psoriasis is a chronic
inflammatory disease characterized by epidermal hyperplasia. Inhibition of FGF10 using
monoclonal antibodies decreased keratinocyte proliferation and reduced the inflammatory
response and dermal neovascularization in a guinea pig model of psoriasis (Xia et al., 2014).

Physiologic aging of the skin is associated with loss of fibrous and elastic tissue, reduced
cell turnover, reduction of the vascular and glandular network, and impaired epidermal
barrier function. Activation of FGF1 or FGF2 has been shown to improve skin elasticity
and induce the synthesis of collagen and elastin through signaling to dermal fibroblasts (de
Araujo et al., 2019).

10.10.4 | Skin cancer—Seborrheic keratoses are common, benign, and genetically
stable epidermal lesions. FGFR3 and the transcription factor forkhead box N1 (FOXN1)
were highly expressed in seborrheic keratoses and were nearly undetectable in squamous
cell carcinomas. A positive regulatory loop between FGFR3 and FOXN1 was shown

to promote a benign versus malignant skin tumor phenotype (Mandinova et al., 2009).
Activating mutations in FGFR3 were identified in nearly half of seborrheic keratosis lesions
examined, supporting a role for FGFR3 in maintaining a differentiated phenotype and
suppressing malignant progression (Heidenreich et al., 2017). Whole exome sequencing of
skin tags (acrochordons, polypoid skin lesions) identified epidermal somatic mutations in
FGFR3, HRAS, or KRAS, which are commonly seen in seborrheic keratoses (Aoki et al.,
2021). Consistent with these findings, activating FGFR3 mutations were found to cause mild
hyperplasia in human skin, but were insufficient to drive benign or malignant skin tumors
(Duperret et al., 2014).
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Elevated PI3K signaling in Pten (Phosphatase and tensin homolog)-deficient epidermis led
to an mTOR-regulated increase in Fgfl0translation which promoted skin tumorigenesis
(Hertzler-Schaefer et al., 2014). Analysis of downstream FGF signaling identified a
requirement for both Frs2and Shp2 for tumorigenesis. Furthermore, RAF-MEK-ERK
signaling was found to cooperate with Pfen deletion by enhancing PI3K signaling, as well as
directly promoting epidermal hyperplasia (Mathew et al., 2016).

Mice lacking FGFBP1 showed thickening of the epidermis associated with a decreased
transepidermal water loss and increased proinflammatory gene expression. These mice
showed delayed wound healing and when challenged with a two-hit model for skin
carcinogenesis using DMBA/TPA (7,12-dimethylbenz(a)anthracene/12-O-tetradecanoyl-
phorbol-13-acetate), they showed delayed and reduced papillomatosis. Mechanistically, it
was shown that both tissue-resident and circulating FgfbpI-expressing cells modulate skin
carcinogenesis and inflammation (M. O. Schmidt et al., 2018).

Melanoma is the most aggressive form of skin cancer. Most melanoma cell lines overexpress
FGF2, FGF5, or FGF18, and different splice variants of FGFRs 1-4 (Czyz, 2019; Herraiz

et al., 2018; Metzner et al., 2011). FGF5 protein expression was found in over half of the
samples of melanoma and benign nevi, and human melanoma xenografts overexpressing
FGF5 showed enhanced tumor growth (Ghassemi et al., 2017). FGFR3 expression was
significantly increased in melanoma tissue and its expression was correlated with thickness
and lymph node metastasis (L. Li, Zhang, et al., 2019).

11| FGF SIGNALING AND METABOLIC DISEASE

11.1 |

Endocrine FGF signaling

FGF15/19, FGF21, and FGF23 are the members of the FGF15/19 subfamily of endocrine
FGFs (Figure 1). Endocrine FGFs have relatively low affinity for HS and are easily released
from tissues to enter the circulation and function as endocrine hormones. Endocrine FGFs
activate FGFRs but require aKlotho (for FGF23) and gKlotho (for FGF15/19 and FGF21)
for high-affinity binding and receptor activation. Accumulating data provide evidence

that endocrine FGFs are involved in human metabolic diseases and that activating or
inhibiting endocrine FGFs may have therapeutic utility (Degirolamo et al., 2016; Gadaleta &
Moschetta, 2019; Geng et al., 2020; Li, 2019; Markan & Potthoff, 2016; Nies et al., 2015;
Noonan & White, 2019; Phan et al., 2021).

11.1.1| Fibroblast growth factor 15/19—In adult humans, FGF19 (and in mice,
FGF15) is selectively expressed in the ileum and signals to FGFR4/BKotho in hepatocytes
to regulate bile acid synthesis. A key function of FGF15/19 is to reduce bile acid synthesis
after eating (Somm & Jornayvaz, 2018). FGF15/19 also regulates hepatic lipid storage,
whole-body energy, glucose homeostasis, and skeletal muscle growth (Benoit et al., 2017;
Gadaleta & Moschetta, 2019; Y. C. Kim, Seok, et al., 2020; Li, 2019). However, during
development, FGF15/19 is expressed in multiple tissues and functions in the development
of the ear, eye, brain, and heart, probably through paracrine signaling (Somm & Jornayvaz,
2018). In human, FGF15/19 is thought to function in metabolic diseases including obesity,
type 2 diabetes, hepatic steatosis, biliary disorders, chronic diarrhea, inflammatory bowel

WIREs Mech Dis. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ornitz and Itoh

Page 84

disease, renal diseases, and cardiovascular disorders (Gadaleta & Moschetta, 2019; Li,
2019). FGF15/19 also regulates skeletal muscle mass (hypertrophy) and is protective against
muscle atrophy (Benoit et al., 2017). Although FGF15/19 is expressed in growth plate
chondrocytes, a direct role for FGF15/19 signaling in bone growth is not known (H. Chen,
Li, etal., 2021).

A primary function of FGF15/19 is to prevent bile acid-induced liver damage. However,
because FGF15/19 also stimulates the proliferation of hepatocytes, its therapeutic use comes
with a potential risk of promoting hepatocellular carcinogenesis (Gadaleta & Moschetta,
2019; Niu et al., 2020; Raja et al., 2019; Somm & Jornayvaz, 2018; Uriarte et al., 2015;
Zhou et al., 2017). A nontumorigenic FGF15/19 variant, M70 (also called NGM282), fully
retains its ability to suppress bile acid production, but lacks proliferative and tumorigenic
activity (Zhou et al., 2014). Administration of the NGM282 protein to healthy humans
potently reduced serum levels of 7a-hydroxy-4-cholesten-3-one, establishing a potential
therapeutic for the prevention and treatment of cholestatic liver disease and other disorders
associated with bile acid dysregulation (Luo et al., 2014). Primary sclerosing cholangitis
(PSC) is an inflammatory, cholestatic, and progressively fibrotic liver disease that has no
effective medical intervention. In patients with PSC, NGM282 potently inhibited bile acid
synthesis and decreased fibrosis markers without significantly affecting alkaline phosphatase
levels (Hirschfield et al., 2019). NASH is a chronic liver disease characterized by hepatic
steatosis, inflammation, and hepatocellular injury. Treatment with NGM282 in a phase 2
clinical trial produced significant reductions in liver fat content with an acceptable safety
profile (Harrison et al., 2018). Structure-based mutagenesis of FGF15/19 identified three
variants with reduced binding to FGFRs, HS, or pKlotho. All three variants were non-
mitogenic but retained the full glucose-lowering and bile acid regulatory activities compared
to wild-type FGF15/19 (Niu et al., 2020).

11.1.2 | Fibroblast growth factor 21—FGF21 is expressed at the highest levels in the
liver and exocrine pancreas, and in mice its expression and serum levels increase maximally
with a low-protein high carbohydrate diet, but it is also increased with fasting, a ketogenic
diet, alcohol, or protein and amino acid restriction (Morrison & Laeger, 2015; Solon-Biet

et al., 2016). In humans and mice, sucrose, fructose, and alcohol rapidly increase serum
FGF21 levels (Fisher & Maratos-Flier, 2016; Hernandez et al., 2020; Song et al., 2018; von
Holstein-Rathlou et al., 2016; von Holstein-Rathlou & Gillum, 2019). Paradoxically, in mice
and humans, FGF21 levels in the liver and serum also increase in response to high fat diet
(Fisher et al., 2010).

Interleukin-4 (IL4) and 1L13 are the major T helper 2 (Th2) cytokines that regulate adipose
tissue metabolism. IL4 and 1L13 were shown to increase the secretion of FGF21 in the
liver. The IL4/IL13-STAT6 signaling axis thus regulates metabolic homeostasis through the
induction of hepatic FGF21 (Kang et al., 2021). Under various stress conditions, FGF21
expression is increased in several tissues including brown adipose tissue (BAT), white
adipose tissue (WAT), muscle, exocrine pancreas, and heart (Fisher & Maratos-Flier, 2016).
In the exocrine pancreas, FGF21 is induced by feeding and is thought to signal as a
paracrine factor to FGFR1 and pKlotho (KLB) to stimulate zymogen release (Coate et al.,
2017).
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The cJun NH2-terminal kinase (JNK) signaling pathway is activated in multiple organs

by metabolic stress and promotes the development of metabolic syndrome (hyperglycemia,
hyperlipidemia, and insulin resistance). Hepatic JNK signaling suppresses Fgf21 expression
and circulating FGF21 (Vernia et al., 2014). FGF21 produced by hepatocytes mitigates
systemic insulin resistance and the development of metabolic syndrome (Vernia et al.,
2016). JNK signaling in adipocytes was also found to regulate metabolism by indirectly
regulating hepatic Fgf21 expression. Inactivation of JNK signaling in adipocytes reduced
hepatic steatosis and prevented whole body insulin resistance in response to a high fat

diet. Mechanistically, INK-regulated FGF21 autocrine signaling in adipocytes promoted
increased expression of circulating adiponectin, which induced hepatic expression of FGF21
(Han et al., 2021).

FGF21 exerts various physiological and pharmacological effects on glucose and lipid
metabolism through its endocrine actions in both the CNS and peripheral tissues. In humans,
FGF21 is thought to be involved in metabolic diseases including nonalcoholic fatty liver
disease (NAFLD), type 2 diabetes (T2D), CKD, and cardiovascular disorders (Geng et al.,
2020; Li, 2019; Tucker et al., 2020; X. Zhou, Zhang, & Wang, 2021).

FGF21 signaling to adipose tissue is required for the acute insulin-sensitizing effects of
FGF21 but not for its chronic effects to increase energy expenditure and lower body weight
(BonDurant et al., 2017). FGF21 promotes fatty acid oxidation and suppresses lipolysis
(Berglund et al., 2009; J. G. Park, Xu, et al., 2016; Xu et al., 2009). Fasting-induced FGF21
or pharmacological administration of FGF21 induced VEGF in WAT and increased WAT
angiogenesis (Hua et al., 2021). Pharmacological administration of FGF21 also improved
hypercholesterolemia by accelerating triglyceride-rich lipoprotein turnover by activating
BAT and by inducing browning of WAT, thereby reducing atherosclerotic lesion severity
(C. Liu, Schonke, et al., 2021). Peroxisome proliferator-activated receptor-a. (PPARa) is a
master regulator of fatty acid oxidation. In WAT of wild type mice, but not of Fgf217/~
mice, the PPARa agonist, fenofibrate, enhanced the expression of genes related to brown
adipocyte functions, including Ucpl, Pgcla, and Cptlb, to increase energy expenditure and
attenuate obesity (Goto et al., 2017).

Long-term metabolic effects of FGF21 on bodyweight appear to be mediated through
signaling to neurons and not hepatocytes or adipocytes (Lan et al., 2017). FGF21 was
shown to suppress intake of simple sugars and alcohol in mice and consumption of the
artificial sweetener saccharin in primates and humans (Frayling et al., 2018; Owen et

al., 2015; Talukdar, Owen, et al., 2016; von Holstein-Rathlou et al., 2016). In zebrafish,
FGF21 stimulates food intake and the expression of FGF21, and its receptors were increased
preprandially and decreased post-feeding in the foregut and/or liver (Blanco et al., 2020).
Many of the effects of liver-derived FGF21 are mediated through signaling in the CNS as
discussed as follows.

For effective clinical use, long-acting FGF21 analogs have been developed (Geng et al.,
2020). In streptozotocin-treated mice, a model of type 1 diabetes (T1D), treatment with

a polyethylene glycol-conjugated (PEG) and half-life extended form of FGF21 (FGF21-
PEG) normalized plasma glucose, without restoring pancreatic -cell function. FGF21-PEG
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also normalized plasma glucose levels and improved glucose tolerance in mice chronically
treated with a competitive insulin receptor antagonist, a model of autoimmune/Type-B
insulin resistance (Diener et al., 2021). In obese cynomolgus monkeys and overweight/obese
humans with T2D, administration of a long-acting FGF21 analog, PF-05231023, decreased
food intake resulting in a significant decrease in body weight and improved plasma
lipoprotein profile, without significant effects on glycemic control (Huang et al., 2013;
Talukdar, Zhou, et al., 2016). In humans with T2D, another long-acting FGF21 analog,
Fc-FGF21 fusion protein, demonstrated a significant improvement in insulin sensitivity

and an improved lipoprotein profile, including triglycerides, non-high-density lipoprotein
(non-HDL) cholesterol, HDL-C, and apolipoproteins B and C3 (Kaufman et al., 2020).

NAFLD is the most common liver disease and is strongly associated with obesity and
insulin resistance. NAFLD increases the risk of developing more severe forms of liver
disease such as NASH, progressive fibrosis, cirrhosis, and hepatocellular carcinoma (Verzijl
et al., 2020). FGF21 has been shown to protect against NASH (Liu et al., 2015; Maratos-
Flier, 2017). Mice lacking PPARP/8 have elevated very low-density lipoprotein receptor
(VLDLR) and develop hepatosteatosis. Administration of recombinant FGF21 protected
against hepatosteatosis by reducing endoplasmic reticulum (ER) stress-induced VLDLR
upregulation (Zarei et al., 2018). A PEGylated FGF21 analog, with increased stability
significantly reduced hepatosteatosis in humans with NAFLD (Cui et al., 2020; Sanyal et al.,
2019).

FGF21 is proteolytically cleaved in the circulation rending it inactive (Kharitonenkov et

al., 2005, 2007; Tezze et al., 2019; Zhen et al., 2016). Fibroblast activation protein (FAP)
was implicated as the protease responsible for C-terminal cleavage of FGF21 after Prol/1
and its resulting inactivation (Dunshee et al., 2016; Zhen et al., 2016). Talabostat (TB) and
BR103354 are small molecule inhibitors of FAP (Cho et al., 2020; Sanchez-Garrido et al.,
2016). Pharmacological inhibition of FAP with TB increased serum levels of FGF21 in
diet-induced obese mice and led to decreased bodyweight, reduced food consumption and
adiposity, increased energy expenditure, improved glucose tolerance, and insulin sensitivity,
and lowered cholesterol levels (Sanchez-Garrido et al., 2016). In ob/0b mice (leptin
deficiency), single-dose administration of BR103354 with recombinant hFGF21 reduced
nonfasting blood glucose concentrations, and chronic treatment with BR103354 reduced
nonfasting blood glucose concentrations, improved glucose tolerance, and reduced hepatic
triglyceride content. In a mouse model for NASH, BR103354 reduced hepatic steatosis, and
fibrosis (Cho et al., 2020).

Another way to increase FGF21 signaling is through the use of recombinant bispecific
antibodies that directly activate the FGFR1/gKlotho complex to mimic the activity of FGF21
(Kolumam et al., 2015; Sonoda et al., 2017; Wu et al., 2011). In vivo use of these antibodies
show that they likely activate FGFR1/BKlotho in the CNS to indirectly stimulate brown

fat thermogenesis, promote weight loss, improve obesity-related metabolic derangements,
and suppress sweet and alcohol preference (Baruch et al., 2020; M. Z. Chen, Chang, et

al., 2017; Kolumam et al., 2015; Lan et al., 2017; Min et al., 2018; S. Y. Shi, Lu, et al.,
2018; Sonoda et al., 2017). In a mouse model for ALS, treatment with an FGFR1 agonist
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antibody (R1MADb1) that mimics FGF21 activity resulted in a mild improvement in motor
performance and reduced inflammation (Delaye et al., 2021).

11.1.3| FGF23—FGF23 is mainly expressed in osteoblasts and osteocytes and primarily
signals to FGFRL1 in the kidney to suppress phosphate resorption in the proximal tubule and
vitamin D synthesis (resulting in reduced intestinal phosphate uptake), and to FGFR1 in the
parathyroid gland to suppress parathyroid hormone secretion (to reduce phosphate levels)
(Balani & Perwad, 2019; Bar et al., 2019; Erben & Andrukhova, 2017; Ho & Bergwitz,
2021; Kuro-o, 2019; Li, 2019; Musgrove & Wolf, 2020; Robling & Bonewald, 2020;
Shimada et al., 2004). Interestingly, expression of the FGF23 receptor complex (FGFR1
and a KLOTHO) is also found in osteocytes and osteoblasts, suggesting that autocrine or
paracrine signaling could occur in bone (Rhee et al., 2011).

FGF23 binding to FGFR1 requires the cofactor, aKlotho (KL), which functions as a
molecular scaffold linking the third g domain of FGFRL1 to the C-terminal tail of FGF23
(G. Chen, Liu, et al., 2018; Goetz et al., 2010). Within the C-terminal tail of FGF23,

there are two tandem repeats that interact with KL with high affinity and can promote KL
dimerization on the cell surface (Suzuki et al., 2020). However, only the first repeat region is
necessary for physiological activity (Goetz et al., 2010).

Circulating levels of FGF23 are increased dramatically in response to acute kidney injury
(AKI) and CKD (Christov et al., 2019; Leifheit-Nestler & Haffner, 2021). Inflammation and
iron deficiency associated with CKD may directly and via iron-related mechanisms induce
Fgf23 production in bone (David et al., 2016; Francis et al., 2019; Francis & David, 2016).
The increased production of Fgf23in response to inflammation and CKD was blocked by
inactivation of neutrophil gelatinase-associated lipocalin (Lcn2), a pro-inflammatory and
iron-shuttling molecule that is secreted in response to kidney injury (Courbon et al., 2021).
In a mouse model of AKI, FgrZ3mRNA levels were increased 2-fold in bone and 5- to
15-fold in thymus, spleen, and heart (Egli-Spichtig et al., 2018). Thus, multiple organs could
respond to AKI with increased FGF23 production. In AKI, increased expression of Fgf23
mMRNA in bone and circulating FGF23 protein was blocked by pharmacological inhibition of
FGFR1 signaling (Hassan et al., 2016). Consistent with a role for osteoblast and osteocyte
Fgfrl regulation of FGF23 production, conditional inactivation of FgfrZ in osteoblasts and
osteocytes resulted in a 50% decrease in FGF23 protein levels in bones of 6-week-old

mice (Z. Xiao, Huang, et al., 2014). However, similar conditional knockout mice showed
increased Fgf23 mRNA levels in cortical bone at 3- and 12-weeks-of-age (McKenzie et

al., 2019). Activation of Fgfr1 in osteoblasts and osteocytes may be regulated by locally
produced FGF ligands, circulating FGF23, and noncanonical mechanisms. The massive
increased expression in response to kidney disease may be also controlled by kidney-derived
glycerol-3-phosphate signaling to bone and bone marrow stromal cells (Simic et al., 2020;
W. Zhou, Simic, & Rhee, 2021).

In human, FGF23 is thought to be involved in metabolic diseases including CKD and
cardiovascular disorders (Bar et al., 2019; Faul, 2018; Ho & Bergwitz, 2021; Kuro-o, 2019;
Li, 2019). FGF23 is expressed at low levels in the heart and its expression is increased
during cardiac remodeling or heart failure. FGF23 at high concentrations (as occurs in

WIREs Mech Dis. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ornitz and Itoh

Page 88

CKD) signals to cardiomyocytes through FGFR4, but independent of aKlotho, to directly
promote cardiac hypertrophy and indirectly promote fibrosis (Faul, 2018; Leifheit-Nestler et
al., 2016; Leifheit-Nestler & Haffner, 2018). Notably, FGF23-induced cardiac hypertrophy
is reversible upon removal of the hypertrophic stimulus using an FGFR4-blocking antibody
(Grabner et al., 2015, 2017).

Humans with CKD have a greatly enhanced risk of cardiovascular morbidity and mortality.
Disturbed calcium phosphate metabolism with elevated serum FGF23 levels is partly
accountable for this enhanced risk. Lowering the level of serum FGF23 with a human
anti-FGF23 antibody is being investigated as a therapeutic approach (Bouma-de Krijger &
Vervloet, 2020). Increased (supraphysiological) serum levels of FGF23, as occurs in CKD
and end-stage renal disease patients, have been associated with the onset of diabetes. These
pathological responses to FGF23 may involve direct signaling to pancreatic p cells through
non-aKlotho-dependent binding of FGF23 to FGFRs and activation of PLCvy/calcineurin
(CN)/nuclear factor of activated T cells (NFAT) signaling (Donate-Correa et al., 2021).

The intestine includes a diverse microbial community (gut microbiota), which affects host
physiology. In germ-free mice, serum FGF23 levels are high and vitamin D levels are low.
Reintroduction of gut microbes lowered FGF23 levels and normalized vitamin D levels.
Mechanistically, reintroduction of gut microbiota induced inflammation, which inhibited
FGF23, indicating that the gut microbiota, through FGF23, regulates vitamin D metabolism
(Bora et al., 2018).

Secreted active FGF23 is regulated by proteolytic cleavage at the 176RXXR179 motif which
separates the FGF core homology domain from its 72-amino acid C-terminal tail rendering
it inactive (Ratsma et al., 2021; Shimada et al., 2001; White et al., 2001). Furthermore,

the FGF23 C-terminal tail functions as a competitive inhibitor of FGF23 binding to

the FGFR1-aKlotho signaling complex (Goetz et al., 2010). In vitro, two proprotein
convertases, furin, and PC5, were shown to cleave FGF23 at RHTR179, Inactivation of
furin in vivo in osteoblasts and osteocytes increased circulating FGF23 by 25%. Thus, the
in vivo processing of FGF23 likely involves the redundant action of multiple proprotein
convertases or of other peptidases (Al Rifai et al., 2021). Mutations in FGF23that cause
autosomal-dominant hypophosphatemic rickets (ADHR) disrupt this cleavage site resulting
in higher circulating levels of FGF23 (White et al., 2001; Wolf & White, 2014). Iron
deficiency has been identified as an environmental trigger that increases FGF23 expression
and disease severity in ADHR (Wolf & White, 2014). In a prospective clinical trial, oral iron
administration normalized FGF23 and phosphorus in symptomatic, iron-deficient ADHR
subjects (Imel et al., 2020).

The primary function of FGF23 is to maintain phosphate homeostasis. Thus, circulating
levels of FGF23 should be regulated by circulating levels of inorganic phosphorus.

As discussed above, direct regulation of FGFR1 signaling by inorganic phosphate in
osteoblasts and osteocytes regulates the expression of Ga/nt3. GALNT3, polypeptide N-
acetylgalactosaminyltransferase 3, is the enzyme that initiates O-linked glycosylation of
FGF23 at Thrl78. Glycosylation at this site prevents proteolytic cleavage and increases the
levels of full-length active FGF23. Phosphorylation of FGF23 at Ser80 blocks glycosylation

WIREs Mech Dis. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ornitz and Itoh

Page 89

and leads to proteolytic cleavage of FGF23 (Edmonston & Wolf, 2020; Ho & Bergwitz,
2021; Ratsma et al., 2021; Takashi & Fukumoto, 2020b).

Expression of FGF23 is controlled by multiple mechanisms. Parathyroid-hormone-type

1 receptor (PTH1R) and FGFR1 signaling both induce expression of Fgf23through
downstream MAPK and PKC signaling pathways (Fan et al., 2016; Han et al., 2015; He

et al., 2019). Sclerostin, the product of the Sost gene, induced Galnt3and Fgf23 expression
in an osteocyte cell line. Thus, Sclerostin directly regulates Fg723 expression and, through
GALNTS, indirectly promotes production of full-length FGF23 protein (Ito et al., 2021).
Consistent with a role for Fgfr1 regulation of FGF23 production, conditional inactivation of
Fgfr1 in mature osteoblasts and osteocytes decreased FGF23 protein levels in bones and in
serum of 6-week-old mice (Z. Xiao, Huang, et al., 2014). Similar conditional knockout mice
did not show increased serum FGF23 or increased expression of Ga/nt3in response to a high
phosphate diet in 8-week-old mice (Takashi et al., 2021). Thus, Pi sensing by FGFR1 and
downstream regulation of FGF23 activation forms a feedback loop to maintain phosphate
homeostasis.

11.2| Adipose tissue and thermogenesis

11.2.1| FGF regulation of thermogenesis—In mammals, endothermy requires a
source of endogenous heat production, which is mostly achieved through non-shivering
thermogenesis. Increased thermogenesis in response to cold or B-adrenergic agonists
involves beiging (or browning) of WAT, in which small pockets of WAT begin to

express uncoupling protein 1 (UCP1). UCP1 allows these beige adipocytes to consume
large amounts of glucose and fatty acids to drive non-shivering thermogenesis (Cohen &
Spiegelman, 2015; Reinisch et al., 2020).

Several FGFs are involved in the formation of beige adipocytes. FGF 21, an endocrine

FGF, is well known to play essential roles in thermogenesis and has been reviewed
extensively (BonDurant & Potthoff, 2018; Cuevas-Ramos et al., 2019; Klein Hazebroek

& Keipert, 2020). p-Adrenergic stimulation of beiging requires autocrine FGF21 signaling
in adipocytes where it promotes phosphorylation of phospholipase C-y and mobilization of
intracellular calcium which is required for thermogenic gene expression (Abu-Odeh et al.,
2021). FGF21 signaling in the brain may also induce beiging of WAT. Administration of
FGF21 into the lateral ventricle increased norepinephrine turnover in target tissues including
WAT and BAT and stimulated beiging of WAT in a p-adrenergic receptor-dependent manner
(Douris et al., 2015).

Several canonical (paracrine) FGFs including FGF1, FGF6, FGF9, and FGF10, are also
involved in thermogenesis. B-Adrenergic stimulation increases FGF10 levels to promote
preadipocyte differentiation into beige adipocytes. Gain- and loss-of-function experiments in
mice reveal that miR-327 suppresses FGF10 to prevent beige adipogenesis. These studies
identify an autocrine/paracrine signaling loop involving the miR-327/FGF10/FGFR2b
signaling axis that regulates beige adipocyte formation (Fischer et al., 2017; Lv et al.,

2021). Fgr9is highly expressed in WAT in obese humans and mice and was decreased by
cold stress. Furthermore, Fgf9overexpression inhibited thermogenic genes involved in beige
adipocyte differentiation in vitro. Adipose-derived FGF9 thus functions as an inhibitor of the
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browning of white adipocytes (Sun et al., 2019). In another study, FGF6 and FGF9 were
identified as potent inducers of UCP1 expression in BAT and preadipocytes independent

of adipogenesis. Fgf6and Fgrf9expression was increased by exercise and cold stress,
respectively. BAT-specific loss of Fgf9impaired cold tolerance and BAT thermogenesis.

In vivo, administration of FGF9 increased Ucpl expression and thermogenic capacity. FGF6
and FGF9 are thus adipokines that can regulate UCP1 through a transcriptional network that
is distinct from brown adipogenesis (Shamsi et al., 2020).

11.2.2| FGF signaling in diet-induced obesity—In response to high-fat diet-
induced obesity or genetic deletion of leptin (0b/0b), mRNA levels of Fgfr1, and
phosphorylation of FGFR1 were increased in epididymal fat pads (Choi et al., 2016). High-
fat diet also led to activation of the mechanosensitive ion channel, PIEZOL1, in hypertrophic
adipocytes, possibly in response to increased membrane tension. Activated PIEZOL1 led to
the release of FGF1 through nonclassical secretory mechanisms and activation of FGFR1 on
preadipocytes to promote adipocyte precursor differentiation. By this mechanism, mature
adipocytes control adipogenesis during the development of obesity (S. Wang, Cao, et

al., 2020). Obesity can lead to chronic inflammation in WAT, which is considered as a
primary etiology of insulin resistance and T2D. This can be counteracted by treatment with
recombinant FGF1, which leads to insulin sensitization by increasing insulin-dependent
glucose uptake in skeletal muscle and suppressing the hepatic production of glucose (Suh

et al., 2014). Mechanistically, this is achieved by inhibition of macrophage recruitment

and inflammatory responses in adipose tissue by activation of adipocyte mTORC2/Rictor
signaling and inhibition of C-C chemokine ligand 2 (CCL2) production (L. Zhao, Fan, et al.,
2020).

Insulin-mediated pseudoacromegaly (IMPA) is a rare disease characterized by acanthosis
nigricans, hirsutism, acromegalic features, normal growth hormone secretion, and extremely
elevated insulin levels. Whole exome sequencing identified monoallelic, predicted
deleterious variants in FGFR1 and KLB. Functional analysis in vitro showed an attenuated
response to FGF21, but not FGF2, suggesting that these variants act synergistically to inhibit
endocrine FGF21 signaling but not canonical FGF2 signaling (Stone et al., 2020).

11.2.3| Adipose-derived mesenchymal stem cells—Adipose tissue is an abundant
source of adipose-derived stem cells (ASCs). However, endogenously, ASCs are important
for the function of adipose tissue and could also be involved in the dysfunction of adipose
tissue associated with obesity and in the onset of disorders associated with metabolic
syndrome. FGF2 has been shown to increase the rate of proliferation and the clonogenic
potential of ASCs in vitro mediated by FGFR1c (Cheng et al., 2020; Ma et al., 2019;
Villageois et al., 2012; Zaragosi et al., 2006). Regulation of ASCs may be involved in the
variations in adipose cellularity that occur in response to metabolic state. Interestingly, a
worsening metabolic profile in patients was accompanied by a decrease in the proliferative
rate, clonogenic potential, and export of FGF2 to the cell surface of ASCs. In obese patients
without metabolic syndrome, ASCs may contribute to the protective effects of subcutaneous
adipose-tissue expansion through autocrine FGF2 signaling (Oliva-Olivera et al., 2017).
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11.3| Diabetes

Type 2, or insulin resistant, diabetes (T2D) is the most common form of diabetes, with

the ensuing hyperglycemia having detrimental effects on many organ systems. Circulating
concentrations of FGF1 are significantly increased in T2D patients (S. Wang, Yang, et al.,
2016). Several studies have shown that activation of FGF signaling, either systemically

or in the CNS, can mitigate some of the pathologies associated with diabetes (Deng et

al., 2021; Gasser et al., 2017; Izaguirre et al., 2017; Nies et al., 2015). A single dose of
recombinant FGF1 was shown to lower glucose levels in the leptin-deficient (ob/0b) or
leptin receptor-deficient (db/db) mouse model of T2D. Chronic treatment with recombinant
FGF1 sensitized the response to insulin by increasing insulin-dependent glucose uptake

in skeletal muscle and suppressing the hepatic production of glucose (Suh et al., 2014).
Administration of FGF1 was also shown to mitigate many of the complications of diabetes,
including diabetic nephropathy, hepatocyte apoptosis, and inflammation (Fan et al., 2019;
G. Liang, Song, et al., 2018; Z. Xu, Wu, et al., 2020; Zheng et al., 2021). In a high-

fat diet-induced model of T2D, systemic administration of FGF1 reduced sciatic nerve
demyelination possibly by reducing hyperglycemia-induced oxidative stress in Schwann
cells (R. Li, Wang, Wu, et al., 2021). In zebrafish, overfeeding induced compensatory
B-cell differentiation through a paracrine FGF1 signal from persistently activated p-cells.
Activation of cultured mammalian p-cells (INS-1832/13 cells) that overexpress FgfZ with
the insulin secretagogue, glibenclamide, led to increased FGF1 release. Mechanistically, it
was shown that ER stress was sufficient to trigger FGF1 release and necessary for persistent
activation-induced FGF1 release (M. Li, Page-McCaw, & Chen, 2016). Expression of the
long noncoding RNA, TUG1, was decreased in islets from high-fat diet-fed mice, and in
mouse islet B cells (Min6) cultured in high glucose. Further knockdown of TUG1 decreased
proliferation and increased apoptosis of Min6 cells. TUG1 was shown to bind and sequester
miR-188-3p. Decreased TUGL led to increased miR-188-3p and decreased translation of
the miR-188-3p target, Fgf5 (P. Zhang, Li, et al., 2021). Of note, Fgf1 is also a target of
miR-188-3p (Mi et al., 2020). In the OVE26 transgenic mouse model of Type | diabetes
(T1D, insulin-dependent) nephropathy, the renal abnormalities were significantly attenuated
after 3-month treatment with FGF21 (Weng et al., 2020).

A significant part of the protective properties of endocrine and canonical FGFs is

likely mediated centrally, through the hypothalamic—pituitary—adrenal (HPA) axis. In
streptozotocin-induced rodent models of T1D, intracerebroventricular injections of FGF1

or FGF15/19 led to a 60% reduction in hepatic glucose production, hepatic acetyl CoA
content, and whole-body lipolysis (Perry et al., 2015). Similarly, in the ob/0b6 mouse,
intracerebroventricular injection of FGF1 led to a ~25% reduction in fasting blood glucose
(Scarlett et al., 2016). Patch-clamp recordings following 4th ventricle injection of FGF15/19
showed altered synaptic and intrinsic membrane properties of the dorsal motor nucleus of
the vagus nerve, which could contribute to the normalization of blood glucose levels (Wean
& Smith, 2021).

Serum FGF21 levels were significantly higher in obesity and metabolic syndrome
populations and in patients with T2D (Chen et al., 2008; R. Y. Gao, Hsu, et al., 2019;
Zhang et al., 2008). In New Zealand obese (NZO) mice, a model for polygenetic obesity
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and T2D, treatment with recombinant FGF21 prevented islet destruction and the onset of
hyperglycemia, improved glucose clearance, and increased energy expenditure by inducing
browning in subcutaneous WAT (Laeger et al., 2017).

12 | FGF SIGNALING IN THE BRAIN AND SENSORY ORGANS

12.1| Sensory organ development and disease

12.1.1| Eye development—During vertebrate eye morphogenesis, the eye field gives
rise to the optic vesicle and subsequently the optic cup. Transient inhibition of FGF
signaling as the eye field first emerges disrupts patterning along the dorsoventral axis of
the developing eye and the periocular mesenchyme resulting in coloboma (a ventral gap

in the eye) (Atkinson-Leadbeater et al., 2014). In zebrafish, the evaginating optic vesicles
become partitioned into prospective nasal and temporal domains by the opposing actions
of Fgfs and Shh emanating from dorsal and ventral domains, respectively, of the forebrain
primordium. Shh activity is required to activate forkhead box D1 (Foxd) expression to
initiate temporal retinal identity. However, this function of Shh requires FGF signaling
(Hernandez-Bejarano et al., 2015). The LIM-homeodomain transcription factor, Lhx2, is
essential for eye development. Inactivation of LAx2in the neuroretina led to decreased
expression of Fgf3, Fgf9, and Fgf15/19in the neuroretina, reduced FGF signaling (Etv1,
Etvs, Spry2) in the lens, and an arrest in lens fiber development along with severe
microphthalmia. This phenotype could be partially rescued by forced overexpression of
FGF10 (Thein et al., 2016). Inhibitors of FGF signaling, Spryand Spred, are also important
for lens development (discussed above) (Susanto et al., 2019; G. Zhao, Bailey, et al., 2018).

The GATAS transcription factor is expressed in the posterior lens vesicle. BMP and FGF
signaling were shown to increase expression of a lens-specific Gata3enhancer element in
differentiating lens fiber cells (Martynova et al., 2018).

12.1.2| Eye disease—In mouse models of diabetic retinopathy, administration

of a long-acting FGF21 analog (PF-05231023) improved photoreceptor function and
morphology and reduced retinal inflammation (Fu et al., 2018). Retinitis pigmentosa is

a neurodegenerative disease that affects photoreceptors. Treatment of neonatal mice with
genetically induced retinitis pigmentosa (heterozygous P23H mutation of rod opsin) with
FGF21 preserved photoreceptor function and normalized Mdiller glial cell morphology.
FGF21 predominantly affected genes in Miller glia/astrocytes (Fu et al., 2021).

Pathological neovascularization is a leading cause of blindness and occurs in retinopathy of
prematurity, diabetic retinopathy, age-related macular degeneration, and idiopathic choroidal
neovascularization. Serum levels of FGF2, VEGF, and other cytokines were elevated in
idiopathic choroidal neovascularization patients compared to controls (Guo et al., 2019).
Pathological neovascularization can be modeled using a mouse model of hypoxia-driven
retinal neovascularization (oxygen-induced retinopathy) or choroidal neovascularization.
FGF21 administration was shown to suppress pathological retinal neovascularization in an
adiponectin-dependent manner (Fu et al., 2017). In contrast, FGF2 expression promoted
pathological neovascularization and inactivation of Fg72, but not Fgf8or Fgr9, reduced
pathological neovascularization (Z. Dong, Santeford, et al., 2019).
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Herpes simplex virus type 1 (HSV-1) infection of the cornea can lead to pathological
lymphangiogenesis that continues to develop after resolution of the infection. Several pro-
angiogenic factors are expressed in the cornea following virus clearance. In a mouse model,
antibody neutralization of FGF2, but not other angiogenic factors, suppressed pathological
neovascularization that occurred after resolution of the infection (Gurung et al., 2018).
Treatment with a stabilized FGF1 (TTHX1114) concurrent with the primary infection

was beneficial and showed reduction in recurrent stromal keratitis and blepharitis, without
affecting viral replication (Dhanushkodi et al., 2021). Thus, FGF signaling has time sensitive
effects on the pathogenesis of corneal HSV-1 infection.

12.1.3| Inner ear—During vertebrate inner ear morphogenesis, the otic placode gives
rise to the otocyst, which gives rise to the complex structures of the cochlear and vestibular
domains of the inner ear. FGF signals are required to induce early otic placode markers from
competent pre-placodal ectoderm. Fgf3and Fgf4 are expressed in the developing hindbrain
adjacent to the otic placode. Mice lacking Fgf3 (/nt-2) have defects in inner ear development
that include failure of endolymphatic duct and common crus formation and reduced cochlear
coiling. However, these phenotypes exhibited reduced penetrance and variable expressivity
(Hatch et al., 2007; Mansour et al., 1993). This was partially explained by redundancy with
Fgf8and Fgfl0, which are expressed in the neighboring endoderm and mesoderm; however,
it may also be explained by reduced expression of Fgf4 (Alvarez et al., 2003; Schimmang,
2007; Zelarayan et al., 2021). Fgf3and Fgf4 are tightly linked on mouse chromosome 7
(Itoh & Ornitz, 2008). To address redundancy between these Fgfs, mice were generated

that are null for Fg£3and conditional null for Fgf4 (Fgf#-Fgf4 1oXcis mice; Anderson,
Southon, et al., 2016). Inactivation of FgfF—Fgf4 % cis mice in the otic placode or in the
ectoderm and endoderm of pharyngeal arches resulted in the absence of otic tissue at the otic
vesicle stage (Zelarayan et al., 2021).

In response to FGF signaling, expression of negative regulators, SpryZ and Spry2, was
increased and limited placode size. FGF activates Wnt signaling upstream of TCF/LEF
transcription factors. FGF signaling is also involved in patterning multiple axes of the
otocyst (Anwar et al., 2017; Basch et al., 2016; Ebeid & Huh, 2017; Groves & Fekete,

2012; Riley, 2021; Sai & Ladher, 2015; Wright et al., 2015). Neuronal lineages in the inner
ear arise from the anterior—ventral region of the otocyst to form the statoacoustic ganglion,
which will become the spiral and vestibular ganglia. The transcription factor TBX2 represses
Fgrf8expression and is required to restrict neurogenesis to the anterior-ventral region of the
otocyst (Kaiser et al., 2021).

Mice heterozygous for FgfZ10have a small or absent posterior semicircular canal. Mice
lacking Fgfi10have a shortened and narrower cochlear duct, as well as defects in non-
sensory regions of the inner ear (Munnamalai & Fekete, 2020; Urness et al., 2015).
Inhibition of FGF3 and FGF10 at the otic placode stage with a soluble FGFR2b transgene
show that both ligands are required after otocyst formation for maintenance of otic
neuroblasts and for patterning and proliferation of the epithelium of both the cochlear and
vestibular domains (Urness et al., 2018).
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Inactivation of Fgfr or its ligand, Fgf20, leads to the loss of hair cells and supporting cells
from the organ of Corti (Ebeid & Huh, 2017; Hayashi et al., 2008; Huh et al., 2012, 2015;
Munnamalai & Fekete, 2020; Ono et al., 2014; Pirvola et al., 2002). FGF9 and FGF20 are
expressed in the non-sensory and sensory epithelium, respectively, during otic development.
FGF9 and FGF20 signal to mesenchymal FGFRs and activate ETV4 and ETV5 to indirectly
regulate the size of the sensory progenitor population and overall cochlear length. These
FGFs also signal to epithelial FGFR1 to regulate the differentiation of outer hair cells

and supporting cells (Ebeid & Huh, 2020; Huh et al., 2015; L. M. Yang, Stout, et al.,

2020). In mouse explant cultures, FGF20-FGFR1 signaling activates MAPK and PI3K
signaling to regulate hair cell and support cell differentiation (Su et al., 2021). FGFR1 has
an FGF20-independent, Sox2-dependent role in specification, and Sox2and Fgf20 interact
to ensure that specification occurs before differentiation toward the cochlear base (Yang et
al., 2019). Genes regulated by FGF20 in the developing cochlea include Etv4, Etvs, Etvi,
Duspé6, Heyl, Hey2, Heyl, Tectb, Fat3, CoxmZ, Salll, Sall3, and the cell cycle regulator
Cdc20 (L. M. Yang, Stout, et al., 2020).

Fgf12is expressed in spiral and vestibular ganglion neurons. Mice lacking Fgf12have
morphologically normal inner ears but have functional deficits in hearing and balance
(Hanada et al., 2018). Fgf13is expressed in the organ of Corti, spiral ganglion neurons, stria
vascularis, and supporting cells. Conditional knockout of Fgf13in hair cells and supporting
cells led to sensorineural deafness without changes in the number or morphology of hair
cells. A secondary consequence of conditional knockout of FgfI3was loss of or aberrant
development of spiral ganglion neurons (Yu et al., 2021).

Whole exome sequencing in patients with sensorineural hearing loss identified pathogenic
mutations in the alternative splice regulator, ESRP1. £sp1~~ mouse embryos had defects

in cochlear morphogenesis, auditory hair cell differentiation, and cell fate specification
resulting from aberrant splicing of Fgfr2from the b (epithelial) isoform to the ¢
(mesenchymal) isoform. The resulting FGF9 activation of ectopic FGFR2c caused an altered
cell identity along the cochlear lateral wall (Rohacek et al., 2017).

In zebrafish, FGFR-PI3K/AKT signaling regulates statoacoustic ganglia development, while
FGFR-ERK1/2 signaling regulates utricular hair cell development (J. Wang, Wu, et al.,
2015). Zebrafish neuromasts contain hair cells with similar functions to mammalian

hair cells. In hair cell regeneration, c-MYC and FGF are required for proliferation and
differentiation, respectively, of fgfrla-expressing neuromast support cells that will replace
damaged hair cells (S. G. Lee, Huang, et al., 2016). Wnt and FGF pathways interact to
modulate the proliferation of neuromast progenitor cells during early development and to
regulate regenerative cell proliferation (Tang et al., 2019).

Inner hair cell ribbon synapses in the cochlea transmit sound signals to the auditory nerve.
FGF22 is expressed in inner hair cells. In an ototoxic injury model, FGF22 infusion
preserved ribbon synapses and restored hearing (S. Li, Hang, & Ma, 2016).

12.1.4| Olfactory development—The olfactory placode gives rise to the olfactory
epithelium, a neurosensory organ required for the sense of smell, and other non-neuronal
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structures such as respiratory epithelium. The olfactory placode forms as a focal thickening
of the surface ectoderm in the ventrolateral part of the frontonasal prominence. Signaling
by BMPs, FGFs, and RA regulates olfactory placode formation. Subsequent asymmetric
growth leads to formation of the nasal pit and then nasal cavity (Suzuki & Osumi, 2015).
Ectodermal inactivation of W/s (Wntless, Gprl77), which blocks secretion of Wnt ligands,
results in severe facial deformities due to a combined loss of WNT, FGF (FGFs 3, 4,

7,8, 9, and 10), and BMP4 signaling. In the invaginating nasal pit, inactivation of W/s
disrupts migration of olfactory epithelial cells into adjacent mesenchyme (Zhu et al., 2016).
Interestingly, GnRH neurons originate in the olfactory placode under the control of FGF8
and migrate to the hypothalamus (Chung et al., 2016). Mutations in FGF8and FGFR1
disrupt GnRH neuron development and can lead to autosomal Kallmann syndrome (Akkus
etal., 2017; Choi et al., 2021; Falardeau et al., 2008; Hardelin & Dode, 2008; Hero et al.,
2015; Hong et al., 2016; B. F. Jin, Ji, et al., 2018; Luo et al., 2017; Scavone et al., 2019;
Trarbach et al., 2010; Villanueva et al., 2015).

Turbinates are the bony projections from the nasal cavity wall that function to increase the
nasal cavity surface area that is lined by the olfactory epithelium. Wnt signaling suppresses
differentiation of Fgf20-expressing epithelium spanning progenitor cells. FGF20 signals to
the underlying mesenchyme to regulate the growth of turbinates, thus allowing olfactory
epithelial progenitor cells to regulate the olfactory epithelial surface area (Yang et al., 2018).

The Drosophila olfactory circuit contains olfactory receptor neurons and projection neurons
that form synaptic connections in glomerular compartments in the antennal lobe. Each
circuit is separated by ensheathing glia. The FGF ligand, Thisbe, is released from olfactory
neurons and instructs the FGFR Heartless-expressing ensheathing glia to wrap each
glomerulus (Wu et al., 2017).

12.1.5| Taste bud development—Taste buds are clusters of neuroepithelial receptor
cells in the oral cavity. The FGF pathway has been shown to regulate circumvallate

papilla (large posterior taste buds) development in mice. FGF10 functions as an inductive,
mesenchyme-derived factor for taste papillae. Inactivation of Sprouty (SpryZ and 2) alleles
progressively increases the number of circumvallate papilla (Barlow & Klein, 2015;
Petersen et al., 2011). In embryonic tongue explant cultures, pharmacological activation

of Wnt signaling reduced mesenchymal Fgf10expression and epithelial Lgr5 expression,
identifying a feedback loop between epithelial Wnt and mesenchymal FGF10 signaling (S.
Zhang, Choi, et al., 2018). Mesenchyme-derived FGF10 signaling is also required for the
development of fungiform papillae, the taste buds on the anterior tongue. FGF10 inhibits the
size but not the number of the fungiform papillae, possibly by regulating the ECM and Wnt
ligand diffusion (Prochazkova et al., 2017).

12.2 | Oligodendrocyte development

Oligodendrocytes are specialized glial cells in the central nervous system (CNS) that
produce myelin. FGF signaling through FGFR1 and FGFR2, but not FGFR3, is required for
the initial generation of oligodendrocyte progenitors in the mouse ventral forebrain (Furusho
etal., 2011). Interestingly, inactivation of FgfrZ and Fgfr2in oligodendrocyte-lineage cells
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did not affect their proliferation or differentiation. However, beginning in 2-week-old mice,
the growth of CNS myelin was significantly reduced, a phenotype that continued in adult
mice (Furusho et al., 2012). Conditional inactivation of Frs2(encoding the FGFR adaptor
protein FRS2) showed that it is required for specification of oligodendrocyte progenitors in
the embryonic telencephalon downstream of Fgfr1 (Furusho et al., 2020).

Stimulating oligodendrocyte production from endogenous progenitor cells may be useful to
treat demyelinating diseases. Increasing FGFR3 activity in adult subventricular zone stem
cells redirected their differentiation from the neuronal to the oligodendroglial lineage after
pathological demyelination, leading to improved oligodendrocyte regeneration and myelin
repair (Kang et al., 2019). Further studies showed that growth of the myelin sheath was
dependent on FGFR2, but not FGFR1, and that increased ERK1/2 activation converges with
the PI3K/Akt/mTOR pathway at the level of mTORCL1 to regulate myelin gene expression
(Furusho et al., 2017). Interestingly, FGFR2 signaling did not require the adaptor protein,
FRS2, for the growth of the myelin sheath (Furusho et al., 2020).

In spinal cord injury, co-grafting of Schwann cells (myelin forming cells in the peripheral
nervous system) and OPCs promoted better survival, proliferation, and migration of the
grafted OPCs. Schwann cells were shown to promote proliferation and migration of OPCs
through secretion of PDGFA and FGF2 (Y. J. Chen, Zhang, et al., 2015).

12.3| Synaptogenesis

12.4 |

Members of the FGF7 subfamily, FGFs 7, 10, and 22, function as synaptic organizing
molecules (Umemori et al., 2004). Distinct sets of overlapping FGFRs, FGFR2b, and
FGFR1b, mediate excitatory or inhibitory presynaptic differentiation. FGFR2b and FGFR1b
are required for an excitatory presynaptic response to FGF22, and FGFR2b alone is required
for an inhibitory presynaptic response to FGF7 (Dabrowski et al., 2015; Dabrowski &
Umemori, 2016). In the hippocampus, Fgf22is produced by CA3 pyramidal neurons.
During development, FGF22 organizes the differentiation of excitatory nerve terminals from
dentate granule cells (DGCs) that innervate CA3 dendrites. In DGCs, FGF22 signaling
induces the expression of insulin-like growth factor 2 (IGF2), which then functions to
stabilize the DGC presynaptic terminals (Terauchi et al., 2016). Conditional knockout of
Fgf22in CA3 neurons led to reduced excitatory synapse formation and depressive-like
behavioral phenotypes similar to those observed in FGF22 null mice (Terauchi et al., 2017;
Williams et al., 2016). Quantification of the distal region of CA3 showed that in Fgf227~
mice, the number of synaptic vesicles, the bouton volume, and the number of vesicles in
axonal regions were reduced, indicating a smaller presynaptic size (Pasaoglu & Schikorski,
2016).

Nervous system development and morphogenesis

Neural crest cells delaminate from the neural tube and migrate ventrally to generate

the trunk peripheral nervous system. Inhibition of FGFR signaling showed that FGFR1
signaling is required for the ventral migration of newly delaminated neural crest cells. In
the absence of FGF signaling, the dorsally stalled neural crest cells lose their dorsal/ventral
oriented polarity and instead adopt rounded morphology (Dunkel et al., 2020).
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In rat brain development, FGF2 expression is localized to neuroepithelial precursors close
to the neuroepithelial-cerebrospinal fluid interface. This suggests that FGF2 present in
embryonic cerebrospinal fluid may originate from apical secretion from the neuroepithelium
(Lamus et al., 2020).

The evolution of cortical folds allows for an increase in the number of neurons in the
cerebral cortex. The expression of FGFRs in the developing cerebral cortex of ferrets
showed regional differences before cortical folds were formed and inhibition of FGF
signaling impaired cortical folding. FGF signaling was shown to regulate progenitors in
the outer subventricular zone and the growth of the upper layers of the cerebral cortex
(Matsumoto et al., 2017).

12.5| Neuronal homeostasis

Neuronal homeostasis requires the production of mature neurons from progenitor cells in the
adult brain, a process called adult neurogenesis. Failures in adult neurogenesis are linked to
the etiology of neurodegenerative and psychiatric disorders. FGF14, an iFGF that regulates
neuronal excitability and synaptic plasticity, was also found to regulate adult neurogenesis in
the dentate gyrus (DG). Mice lacking Fgfi4 have reduced numbers of proliferating cells and
impaired maturation of newly born adult granule cell neurons (Alshammari et al., 2016). It is
not known if these effects are mediated through direct activation of FGFR signaling.

Adult mice lacking Fgf22are resistant to induced seizures. In response to pentylenetetrazol
(PTZ), Fgf227~ mice show reduced neurogenesis in the DG, reduced ectopic migration

of hilar DGCs, and reduced hilar cell death after seizures (Lee & Umemori, 2013).

It is proposed that FGF22 that is secreted from CA3 neurons indirectly controls adult
neurogenesis by inducing genes for secreted proteins in DGCs that affect neuronal stem
cells in the neighboring sub-granular zone to regulate adult neurogenesis in the maturing
hippocampus (Dabrowski & Umemori, 2016).

Adult neurogenesis in the subventricular zone (SVZ) of the lateral ventricle decreases with
age. Specialized ECM structures in the SVZ contact neural stem cells (NSCs) and regulate
neurogenesis. This matrix captures and stores FGF2 via heparan sulfate (HS) binding and
may contribute to the NSC niche. In aging, critical HS 6-O-sulfation is reduced, and this
may contribute to reduced neurogenic activity in aging brains (Yamada et al., 2017).

12.6 | Astrocytes and neuronal regeneration

FGF1 or FGF2 can promote the maturation of human and mouse stem cell-derived
astrocytes (Roybon et al., 2013). FGF2 strongly increased glutamate transporter 1 (GLT1)
expression and enhanced astrocyte proliferation, while FGF16 and FGF18 promoted
maturation (GLT1 expression) but not proliferation (Savchenko et al., 2019). During
neocortical development, the cell fate switch from neurons to astrocytes determines the
proper numbers of neurons and astrocytes. FGF signaling is activated in ventricular zone
radial glial cells at the time that this fate choice is made and promotes neuronal fate through
activation of MAPK signaling (Dinh Duong et al., 2019).
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Astrocytes become activated in response to neuronal injury and disease and can lead to
astrogliosis (glial scar formation). During this process, some astrocytes dedifferentiate

and express markers found in NSCs. This property of astrocytes may be exploited as an
approach to treat neurodegenerative disease and injuries. FGF2 signaling was found to
convert mouse glial fibrillary acidic protein (GFAP)-positive stem cell-derived astrocytes
into proliferating nestin-positive NSCs. This de-differentiation to NSCs was suppressed
by inflammatory mediators. This antagonistic relationship between FGF and inflammatory
signals may explain why astrocytes do not readily form NSCs in most neurodegenerative
diseases and brain injuries (Kleiderman et al., 2016).

12.7 | FGF signaling in the CNS regulates peripheral metabolism

The endocrine FGFs, FGF15/19, and FGF21, are mainly produced by the liver and

small intestine, respectively. They primarily target peripheral tissues to regulate metabolic
homeostasis (Itoh, Ohta, et al., 2016; Ornitz & Itoh, 2015). However, many recent studies
identified direct actions of endocrine FGFs on CNS neurons in the hypothalamus.

FGF15/19 is released postprandially from the intestine. FGF15/19 administered in the
periphery in mice has hypoglycemic actions. Intracerebroventricular infusions of FGF15/19
also improve glycemic status in the periphery indicating that the CNS responds to
FGF15/19, which have been shown to activate FGFRs in hypothalamic agouti-related
protein (AGRP)/neuropeptide Y (NPY) neurons. The activation of FGFR signaling
subsequently silences AGRP/NPY neurons, leading to improved glucose tolerance (S. Liu,
Marcelin, et al., 2018; Marcelin et al., 2014).

FGF15/19 and FGF21 have different physiologic functions as hormonal regulators; however,
their pharmacologic administration causes similar increases in energy expenditure, weight
loss, and enhanced insulin sensitivity in obese mice. Both FGF15/19 action in the liver

and FGF21 action in adipose tissue are not required for their longer-term weight loss and
glycemic effects. In contrast, BKlotho in CNS neurons is essential for both FGF15/19 and
FGF21 to cause weight loss and lower glucose and insulin levels, indicating the importance
of the CNS in mediating the beneficial effects of endocrine FGFs (Lan et al., 2017).

In humans, a statistically significant association was identified with a variant in FGF21 and
sweet consumption (Soberg et al., 2017). Systemic administration of FGF21 reduced sweet
and alcohol preference in mice and sweet preference in monkeys (Talukdar, Owen, et al.,
2016). FGF21 was shown to signal directly to the hypothalamic neurons to suppress simple
sugar and alcohol intake and stimulate water intake (Kliewer & Mangelsdorf, 2019; Owen
et al., 2015; Song et al., 2018; von Holstein-Rathlou et al., 2016; von Holstein-Rathlou &
Gillum, 2019). In the hypothalamus, FGF21 signals to glutamatergic neurons to mediate
FGF21-induced sugar suppression and sweet-taste preference (von Holstein-Rathlou et al.,
2016).

Alcohol increases water consumption in mice. Serum FGF21 levels are increased by
alcohol consumption in mice. Pharmacologic administration of FGF21 stimulates water
drinking behavior in mice. In contrast, mice lacking FGF21 fail to increase water intake in
response to alcohol. The effect of FGF21 on drinking is mediated in part by neurons of the
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hypothalamus and is inhibited by B-adrenergic receptor antagonists. FGF21 is expected to
be a neurotropic hormone that governs water balance in response to specific nutrient stresses
(Song et al., 2018). Hepatic FGF21 is increased in response to macronutrient imbalance

and signals to the brain to suppress sugar intake and sweet-taste preference. Hepatic FGF21
signaling to glutamatergic neurons in the ventromedial hypothalamus (VNM) mediates
sugar suppression and sweet-taste preference. FGF21 affects neuronal activity by increasing
activation and excitability of neurons in the VMH. FGF21 signaling in the VMH functions
to regulate sucrose intake (Jensen-Cody et al., 2020).

Reduced dietary protein intake induces adaptive physiological changes in macronutrient
preference, energy expenditure, growth, and glucose homeostasis. Brain-specific deletion of
BKlotho in mice blocks the ability to mount a physiological response to protein restriction.
The effect is replicated by whole-body deletion of FGF21. FGF21 is suggested to be an
endocrine signal linking the liver and brain, which regulates adaptive and homeostatic
changes in metabolism and feeding behavior during protein restriction (Hill et al., 2019).
BKlotho expression in glutamatergic neurons in the brain is required for protection against
weight gain associated with dietary protein restriction, indicating that FGF21 signaling in
glutamatergic neurons is required for weight loss associated with dietary protein dilution
(Flippo et al., 2020).

Glucagon promotes weight loss by regulating glucose and lipid metabolism. Mice deficient
for liver FGF21 are partially resistant to glucagon-receptor-mediated weight loss, indicating
that FGF21 is a regulator of glucagon’s weight-loss effects. Mice deficient for neuronal
BKlotho in the brain exhibit a partial reduction in body weight with chronic glucagon-
receptor-agonism, indicating a role for central FGF21 signaling in glucagon-receptor-
mediated weight loss (Nason et al., 2021).

12.8 | FGF signaling in the CNS in neurological, neurodegenerative, and psychiatric

disorders

Brain diseases include a variety of neurological, neurodegenerative, and psychiatric
disorders. FGF signaling in the brain is important for neuronal homeostasis, injury response,
and is involved in several neurological diseases (Dremencov et al., 2021; Terwisscha van
Scheltinga et al., 2013; Turner et al., 2016).

12.8.1| Multiple sclerosis—Multiple sclerosis (MS) is a demyelinating disease
resulting in brain and spinal cord damage (Huang & Dreyfus, 2016). Remyelination is
essential for the regenerative response to demyelinating diseases such as MS. Injection

of myelin oligodendrocyte glycoprotein peptide (MOG3s_55) results in experimental
autoimmune encephalomyelitis (EAE), a model for MS. Oligodendrocyte-specific FgfrI
deficient mice show a milder disease course, with reduced myelin and axonal loss and
reduced lymphocyte and macrophage/microglia infiltration in spinal cord white matter
(Rajendran et al., 2018). In the cerebellum, these mice showed reduced myelin and

axonal degeneration and reduced inflammatory infiltrates compared to controls (Rajendran,
Rajendran, et al., 2021). Thus, cell-specific inactivation of FGFR1 in oligodendrocytes has
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anti-inflammatory and neuroprotective effects, and pharmacological inhibition of FGFRs
could have therapeutic benefit (Rajendran, Bottiger, et al., 2021).

Similarly, oligodendrocyte-specific conditional inactivation of Fgfr2resulted in a milder
disease course, less myelin damage, and enhanced axonal density, without change in

the number of oligodendrocytes in demyelinated areas, reduced inflammatory infiltrates,
or reduced production of inflammatory cytokines (Kamali et al., 2021). Inactivation

of both Fgfrl and Fgfr2in oligodendrocytes and their precursors showed normal
differentiation of oligodendrocytes and recovery of myelin in the corpus callosum of

mice with acute cuprizone-induced demyelination. In contrast, with chronic cuprizone-
induced demyelination, there were fewer differentiated oligodendrocytes and less efficient
myelin recovery, showing that FGF signaling through FGFR1 and FGFR2 may promote
regeneration in chronic demyelinating diseases (Furusho et al., 2015).

FGF2 is elevated in the cerebrospinal fluid and serum of MS patients with recurrent

or chronic disease. However, the role of FGF2 is complicated, with some studies
showing therapeutic efficacy of administered FGF2 for demyelinating models and

other studies showing improved outcomes in £gf2~~ mice (Huang & Dreyfus, 2016).
Inflammatory activity in MS lesions correlates with increased FGF2 expression in
astrocytes. FGF2 was shown to inhibit myelination through FGFR2-mediated activation
of Wnt-signaling. However, preferential activation of FGFR1 was found to be protective,
promoting oligodendrocyte progenitor mitogenesis and expression of neuroprotective and
anti-inflammatory factors (Thummler et al., 2019). Although remyelination of the CNS,
which is isolated from the peripheral circulation by the blood-brain barrier, is thought to
be controlled by its microenvironment, circulating factors have also been found to affect
the CNS regenerative response. FGF21 derived from peripheral tissue was shown to leak
into the CNS after injury and promote remyelination in toxin-induced demyelinated mice
(Kuroda et al., 2017).

12.8.2| Parkinson’s and Huntington’s disease—~Parkinson’s disease (PD) is

a neurodegenerative disorder that predominately affects dopaminergic neurons in the
substantia nigra of the brain (Y. Liu, Deng, et al., 2021). Genetic association analysis
indicates that polymorphisms in FGF20 may be significantly associated with an increased
risk of PD in Chinese and Indian populations (Jing et al., 2015; Rudakou et al., 2021;
Sadhukhan et al., 2018; X. Y. Sun, Wang, et al., 2017; X. Wang, Sun, et al., 2017; X. Zhao,
WU, et al., 2016). Dopaminergic neurons co-express tyrosine-hydroxylase (TH) and FGFRs
1, 3, and 4, while GFAP-positive astrocytes express FGF20.

PD can be modeled in rats by treatment with 6-hydrodopamine, which induces nigrostriatal
cell loss. In the PD rat model, treatment with FGF2 (P. H. Yang, Zhu, et al., 2016;

Zheng et al., 2016), FGF18 (Guo et al., 2017), or FGF20 (Boshoff et al., 2018; Niu

et al., 2018) protected against loss of TH-positive neurons. In PD, pathological proteins
such as alpha-synuclein (a-Syn) are transmitted in extracellular vesicles between neurons.
Ras-associated binding proteins (Rabs) can modulate a-Syn induced toxicity, and FGF2
was shown to enhance the release of extracellular vesicles that are enriched for Rab8b and
Rab31, suggesting that these Rabs may limit the toxicity of a-Syn and other exosomal
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proteins (Kumar et al., 2020). FGF21 also protects against neurodegeneration in mouse
models of PD (Y. Chen, Shen, Qi, et al., 2020; Fang et al., 2020). FGF21 is neuroprotective
for several neurodegenerative diseases possibly by regulating the amount of autophagy (Y.
Chen, Shen, Qi, et al., 2020; Kakoty et al., 2020).

In Huntington’s disease, FGF9 was shown to protect striatal cells in vitro by increasing
proliferation and reducing cell death in response to starvation stress. FGF9 strongly induced
expression of glial cell line-derived neurotrophic factor (GDNF), the anti-apoptotic marker,
Bcl-xL, the anti-oxidative stress gene, nuclear factor erythroid 2-like 2 (Nrf2), and nuclear
factor kappa B (NF-kB) signaling, through ERK signaling pathways (Yusuf et al., 2018,
2019, 2021).

12.8.3| Alzheimer’s disease—Alzheimer’s disease (AD) is a neurogenerative disorder
associated with B-amyloid (AP) plaques, tau neurofibrillary tangles, and neuroinflammation
(Long & Holtzman, 2019). Genetic association analysis identified a variant in FGFI that
may interact with a variant in apolipoprotein E (APOE)-e4 to increase the risk of episodic
memory deficits, an early symptom of AD (Chang et al., 2019; Tao et al., 2014). Serum
levels of FGF21 were elevated in healthy aging and were lower in patients with AD (Conte
etal., 2021). FGF21 was shown to reduce neurodegeneration in rat and cellular models

of AD (S. Chen, Chen, Sun, Xu, et al., 2019). FGF21 may function by attenuating Ap
generation, inflammation, oxidative stress, and insulin resistance (Taliyan et al., 2019). The
FGF21 analog LY2405319 was shown to activate Ap degrading genes in vitro but did not
affect AP plaque size in vivo. However, LY2405319 may be useful to treat AD-related
neuroinflammation and increase neuronal activity (Ruhlmann et al., 2021). FGF7 signaling
through the FGFR2/PI3K/AKT pathway was also found to reduce damage in a cellular
model of AD (W. Chen, Wu, Hu, et al., 2020).

12.8.4| Depressive disorder—Depressive disorder is the most common psychiatric
disorder characterized by depressed mood, diminished interests, impaired cognitive function,
and vegetative symptoms (Otte et al., 2016). Recent studies identify a role for FGFs in
depressive disorder (Amidfar et al., 2021; Y. H. Xu, Zhu, et al., 2021). Genetic association
analysis identified a functional polymorphism in FGF20that is associated with an increased
risk of depressive symptoms (K. M. Jimenez, Pereira-Morales, et al., 2018).

Serum FGF2 levels were lower in children with anxiety and depressive symptoms (Lebowitz
etal., 2021). FGF2 potentially acts as an anti-depressive agent in rodents. Fluoxetine, an
antidepressant drug, is effective for depressive and anxiety behaviors in wild-type mice, but
not in Fgr2knockout mice, indicating that FGF2 is necessary for the anti-depressant effects
of fluoxetine (Simard et al., 2018).

Chronic unpredictable stress (CUS) induced depression-like behaviors in rats and was
associated with increased hippocampal expression of miR-497. Knockdown of miR-497
reduced CUS-induced depressive-like behavior. FGF2 is a direct target of miR-497

in microglia and overexpression of FGF2 inhibited miR-497-induced proinflammatory
cytokines. These studies suggest that miR-497 enhanced hippocampal microglial activation
in CUS-induced depression in part by suppressing production of FGF2 (Zhai et al., 2020).
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FGF9 expression was increased and FGF2 was decreased in the hippocampus of humans
with major depressive disorder (MDD). Rats subjected to chronic social stress recapitulate
some aspects of MDD and showed a significant increase in hippocampal FGF9 levels.
Chronic intracerebroventricular administration of FGF9 increased anxiety- and depression-
like behavior in rats and selective knockdown of Fgf9in the dentate gyrus decreased
anxiety-like behavior but did not affect depression-like behavior. Of particular interest is the
observation that the effects of FGF9 were opposite to those of FGF2. These studies suggest
that inhibition of hippocampal FGF9 may be a therapeutic approach for the treatment of
anxiety and depression (Aurbach et al., 2015). Adiponectin (ADPN) is a protein hormone
that modulates a number of metabolic processes. ADPN and FGF9 have anti-depressive
and pro-depressive effects, respectively. In mice, ADPN may be a key negative regulator of
FGF9/FGFR3 signaling in depressive disorder, and dysfunction of ADPN-FGF9 signaling
may promote stress-induced depression (X. Q. Wang, Li, et al., 2020). In a model of
poststroke depression (PSD) in rats, Fgf9 mRNA and protein was increased in the dentate
gyrus (A. Li, Tian, Yang, et al., 2021).

Serum FGF21 levels are higher in patients with bipolar disorder and are increased in patients
treated with valproic acid (Chang et al., 2018; Hu et al., 2019; Omileke et al., 2020).
Administration of FGF21 was shown to have antidepressant effects on lipopolysaccharide
(LPS)-induced depressive-like behaviors in mice. Mechanistically, FGF21 decreased
microglial expression of proinflammatory cytokines by suppressing the nuclear factor-kB
(NF-kB) signing pathway (X. Wang, Zhu, et al., 2020). In male rodents, social defeat stress
increased plasma FGF21 concentrations. Mice lacking FGF21 showed increased social
avoidance and augmented immobility behavior in a forced swimming test administered after
social defeat stress (Usui et al., 2021).

Fgf22 knockout mice show a depressive-like phenotype in the forced swim test and
increased immobility in the tail suspension test, indicating a role for FGF22 in affective
behaviors (Williams et al., 2016). These phenotypes require FGF22 function in neonatal,
but not adult, neurons, indicating a role for FGF22 in synaptogenesis and/or neurogenesis
may underlie depression in adults (discussed above) (Terauchi et al., 2020). Analysis of
serum from patients with depression showed a negative correlation between FGF22 levels
and interleukin-1p (IL-1p) levels. Experiments in rats and primary hippocampal neurons
showed that treatment with FGF22 reduced IL-1f expression and reduced depression-like
phenotypes in response to chronic stress (Xu et al., 2017).

FGFR1 forms a heterodimer with the serotonin 1A receptor (5-HT1A; discussed above).
Combined treatment with FGF2 and a 5-HT1A agonist increased the formation of these
heterocomplexes, enhanced FGFR1 signaling, and was associated with antidepressant effects
(Borroto-Escuela et al., 2015, 2016, 2018, 2021).

12.8.5| Schizophrenia—Schizophrenia is a psychiatric disorder characterized by
continuous or relapsing episodes of psychosis. The FGF family has been proposed as

a potential drug target for the treatment of schizophrenia (Talaei et al., 2020). Serum
FGF21 levels are significantly higher in patients with schizophrenia suggesting that FGF21
might serve as a biomarker for schizophrenia (Qing et al., 2015). Serum FGF10 levels
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were significantly decreased in patients with schizophrenia. Both first-episode, drug-free
patients and chronically medicated patients also had lower levels of FGF10. The association
between FGF10 and schizophrenia supports a pathogenic role for neurotrophic factor in
schizophrenia (Yu et al., 2019).

12.8.6 | Autism spectrum disorder—Autism spectrum disorder (ASD) is

a neurodevelopmental disorder characterized by impaired social, emotional, and
communication skills. Analysis of serum FGF2 in children with ASD and healthy controls
found lower levels of FGF2 in the ASD group (Esnafoglu & Ayyildiz, 2017). Suppression
of the cell adhesion molecule NEGR1 or FGFR?2 in the lateral ventricles of E15.5

mouse embryos resulted in behavioral abnormalities consistent with ASD. Overexpression
of FGFR2 could rescue behavioral phenotypes resulting from knockdown of NEGR1
(Szczurkowska et al., 2018).

12.8.7 | Alcohol use disorder—Alcohol use disorder (AUD) is defined by
uncontrolled excessive alcohol intake that results in significant mental or physical health
problems (Abrahao et al., 2017). Long-term alcohol intake leads to neuroadaptations in the
corticostriatal dopamine systems, resulting in addiction phenotypes (Koob & Volkow, 2016).

In rats, alcohol-induced Fg72 expression in the dorsal hippocampus, nucleus accumbens, and
dorsal striatum. Systemic administration or infusion of recombinant FGF2 into the dorsal
striatum (or dorsomedial striatum) increased alcohol consumption and preference, without
affecting sweet preference. Fg#2is thus an alcohol-responsive gene constituting a positive
regulatory feedback loop that regulates alcohol consumption (Even-Chen et al., 2017). In
addition, long-term voluntary alcohol intake increased the expression of Fgfr1 selectively

in the dorsomedial striatum in rats. Inhibition of FGFR1 activity by a selective receptor
antagonist reduced consumption and preference, without affecting other reward behaviors.
The effects of FGF2-FGFR1 signaling on excessive alcohol consumption are mediated by
activation of the PI3K signaling pathway (Even-Chen & Barak, 2019a).

A genome-wide association meta-analysis in Europeans identified pKlotho (KLB) as a
locus associated with alcohol consumption. SNP analysis of Chinese patients with alcohol
dependence identified a genetic interaction of specific SNPs in FGF19 and FGF21 that
were predictive of high-level alcohol dependence. The combination of these SNPs in FGF19
and FGF21 with a SNP in FGF23 was predictive of high-level aggression and alcohol
dependence (J. Xu, Wu, et al., 2021).

Brain-specific K/b knockout mice showed an increased alcohol preference, and systemic
administration of FGF21 inhibited alcohol consumption in wild-type mice but not in brain-
specific K/b conditional knockout mice (Schumann et al., 2016). Serum FGF21 levels

were markedly increased by both acute and sub-chronic alcohol intake in humans, and
systemic FGF21 administration reduced alcohol intake in mice. FGF21 is thus considered an
endocrine inhibitor of alcohol preference (Soberg et al., 2018; Song et al., 2018; Talukdar,
Owen, et al., 2016; von Holstein-Rathlou & Gillum, 2019; Wagner-Skacel et al., 2021).
FGF21 was shown to signal to neurons in the paraventricular nucleus to stimulate water
consumption in response to alcohol (Song et al., 2018). These studies and others suggest
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that RTKs and FGFRs, in particular, may be viable drug targets to modify alcohol abuse
behaviors (Hamada & Lasek, 2020).

12.8.8 | Drug addiction—Drug addiction is a chronic and relapsing psychiatric
disorder that is characterized by excessive compulsive drug seeking and consumption.
Cocaine directly affects mesolimbic dopamine neurotransmission in the reward pathway
by increasing extracellular dopamine concentrations through the inhibition of dopamine
reuptake in the ventral tegmental area (Smith & Laiks, 2018).

Following cocaine exposure in rats, FGF2 is increased in addiction-related brain regions
including the infralimbic medial prefrontal cortex (IL-mPFC). Blocking FGF2 by
administration of a neutralizing antibody directly into the IL-mPFC before extinction
facilitated the extinction of cocaine-seeking behavior. These results indicate that cocaine-
induced overexpression of FGF2 inhibits extinction and blocking FGF2 enhances extinction
(Hafenbreidel et al., 2015). Fgf2expression is altered in a region-specific manner following
cocaine-seeking and extinction in rats, indicating that FGF2 uniquely mediates drug seeking
and extinction in specific brain regions (Doncheck et al., 2018). These and other results
indicate that cocaine increases FGF2 levels in several mesocorticolimbic brain regions, and
that FGF2 levels positively correlate with cocaine consumption and sensitization. These
studies suggest that reducing FGF2 activity may provide a novel therapeutic approach for
treating substance use disorders (Even-Chen & Barak, 2019b).

13| FGF REGULATION OF HOST-PATHOGEN INTERACTIONS

13.1 |

13.2 |

SARS-CoV-2 virus

Disease severity of patients infected with SARS-CoV-2, the causative agent of COVID-19,
is linked to physiological and pathogenic factors including mitochondrial dysfunction and
metabolic alterations with increased glycolysis. FGF21, which regulates metabolic function,
has been proposed as a biomarker for mitochondrial dysfunction (Tezze et al., 2019).
Increased FGF21 levels in plasma of SARS-CoV-2-infected patients were found to correlate
with COVID-19 disease severity and mortality. Targeting factors that regulate mitochondrial
metabolic pathways may be useful to treat patients with COVID-19 (Ajaz et al., 2021).

Increased plasma levels of FGF2 in COVID-19 patients were strongly associated with severe
disease, ICU admission, and in-hospital mortality (Petrey et al., 2021; Smadja et al., 2021).
Increased new vessel growth through intussusceptive angiogenesis has been reported in
lungs of patients who died from COVID-19. Increased levels of FGF2 may contribute to

this increased angiogenesis which may be further promoted by inflammation and hypoxia.
Suppression of FGF2 signaling may be useful in limiting the pathological response to
COVID-19 (Meini et al., 2020).

Influenza virus

Influenza virus pneumonia causes severe damage to the lung epithelium and can lead to
respiratory failure. Organoid cultures and in vivo infection models in mice showed that
the regenerative response of the lung epithelium to influenza virus-induced injury required
FGFR2b signaling. Intratracheal application of recombinant FGF10 recruited noninfected
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epithelial stem/progenitor cells that express high levels of FGFR2b to restore epithelial
barrier function and promote epithelial regeneration (Quantius et al., 2016). Following
influenza virus infection, AEC2 cells that conditionally lack Fgfr2 showed decreased
proliferation and increased differentiation to AEC1 cells in lung regions undergoing active
regeneration (Liberti et al., 2021). However, mitogenic stimulation with FGF7 along with
influenza virus infection markedly accelerated the spread of viral infection from the airways
to the alveoli and increased disease severity and mortality in mice (Nikolaidis et al., 2017).

Serum levels of FGF2 were markedly increased in humans and mice infected with influenza
virus. Depletion or knockout of Fgf2increased influenza-associated disease pathology

by impairing neutrophil recruitment and activation. Intravenous administration of FGF2
reduced the severity of influenza virus-induced lung injury and promoted the survival of
influenza virus-infected mice. These studies show that FGF2 may be an effective therapy
for influenza virus infection (K. Wang, Lai, et al., 2018). In volunteer patients infected with
influenza virus, serum levels of FGF9 were increased 1 day after infections specifically

in asymptomatic patients suggesting that FGF9 may affect the early response to influenza
infection (Linel et al., 2014).

13.3| Zika virus

13.4 |

Zika virus can cause microcephaly and other neurological defects in developing human
fetuses. Zika virus infection of human fetal astrocytes results in elevated expression and
secretion of FGF2, which was shown to enhance the replication and spread of the Zika
virus. FGF2 suppressed the interferon response, which may contribute to its proviral effects.
Therapeutic inhibition of FGF2 signaling may provide a strategy to limit the replication of
Zika virus (Limonta et al., 2019).

Human immunodeficiency virus

Human immunodeficiency virus (HIV) causes acquired immunodeficiency syndrome
(AIDS), which results in progressive failure of the immune system allowing for
opportunistic infections and cancer. HIV-infected patients have higher bone turnover and
bone loss. Elevated serum FGF21 levels were shown to be associated with poor bone
homeostasis in HIV-infected patients. Increased FGF21 levels may serve as a biomarker of
altered bone homeostasis in HIV-infected patients (Gallego-Escuredo et al., 2017). Elevated
serum FGF21 levels were shown to serve as a stronger predictor of severe hepatic steatosis
in HIV-infected patients (Praktiknjo et al., 2019). In contrast, the decrease of serum FGF21
levels due to antiretroviral therapy is associated with the alteration in lipid profile and an
increased risk for cardiovascular diseases. FGF21 levels are predictors of inflammatory
status in HIV patients using antiretroviral therapy (Ruiz-Padilla et al., 2020). Serum FGF23
levels were also found to be predictive of increased risk for cardiovascular and kidney
diseases and were associated with greater risk of frailty in HIV-infected patients (Atta et al.,
2016; R. Wang, Shlipak, et al., 2019).

High serum FGF2 levels were predictive of children at risk of developing HIV-associated
nephropathy (HIVAN). In mice, FGF2 activated phospho-ERK in renal epithelial cells and
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induced transient and reversible HIVAN-like lesions, including proteinuria and glomerular
enlargement (Das et al., 2021).

13.5| Virus-induced interferon response

Interferons are proteins made by host cells in response to the presence of viruses. A screen
of 756 human secreted proteins identified FGF16 as an inhibitor of vesicular stomatitis virus
(VSV) replication. FGF16 (and other FGFs, including FGF1, 8b, 9, and 20) prevented an
antiviral interferon signature in multiple cell types and was also effective in preventing
infection by coxsackievirus (van Asten et al., 2018). Inhibition of FGFR signaling in
keratinocytes promoted the expression of interferon-stimulated genes (ISGs) and proteins.
FGF7 or FGF10 treatment of keratinocytes suppressed ISG gene expression independent

of signaling through the interferon-a./p receptor. FGFs promoted the replication of herpes
simplex virus-1, lymphocytic choriomeningitis virus, and Zika virus. Inhibition of FGFR
signaling blocked herpes simplex virus-1 replication in cultured human keratinocytes and in
mice. These studies suggest that FGFR kinase inhibitors may be useful for the treatment of
viral infections (Maddaluno et al., 2020).

13.6 | Tapeworm

Infection by the tapeworm Echinococcus multilocularis causes tumor-like growth of the
larval stage worm within the host liver, leading to extensive fibrosis and organ-failure.
Larval stage £. multilocularis expresses three FGFRs with homology to human FGFRs. £.
multilocularis FGFRs can be activated by human FGF1 and FGF2 and inhibited with a
FGFR kinase inhibitor drug (BIBF 1120). These studies show that FGFs, which are present
in the liver and upregulated during fibrosis, support the establishment of £. metacestoce
during larval stage infection by acting on an evolutionarily conserved parasite FGF signaling
system (Forster et al., 2019).

14| FGF SIGNALING IN EVOLUTIONARY ADAPTATION

14.1| Avian adaptation to flight

The avian genome is characterized by its constrained size with the loss of repetitive
elements, segmental deletions, and gene loss, driven in part by the metabolic intensity

of powered flight (Wright et al., 2014; Zhang et al., 2014). FGF11, FGF17, and FGF21
were lost in the avian lineage (Oulion et al., 2012). FGF21 plays essential roles in energy
metabolism including glucose and lipid metabolism in humans and mice (Itoh et al., 2015).
The loss of FGF21 may therefore be an adaptation for the high metabolic demands of
powered flight in birds.

Birds can be classified into altricial and precocial birds. Altricial bird hatchlings are almost
naked, whereas precocial birds are covered with natal down. Zebra finch and chicken

are altricial and precocial birds, respectively. Ectopic expression of FGF16 in embryonic
chicken leg skin suppressed feather bud elongation by upregulating expression of FGF10,
which suppresses feather growth. This is similar to embryonic zebra finch skin. FGF16-
related signals are suggested to suppress natal down elongation and cause the naked skin
phenotype in the zebra finch (C. K. Chen, Ng, et al., 2016). Emus are flightless birds.
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Regulatory changes in the Fgf10gene result in lower Fgfl0expression leading to failure to
express genes required for limb proliferation in the emu wing bud (Young et al., 2019).

14.2 | Mammalian adaptation to flight

Bats are the only mammal capable of powered flight. This adaptation was enabled by the
acquisition of a unique set of wing muscles. The wing membrane, which is an extension of
the skin that contains epidermis and dermis, may regulate the patterning of wing muscles.
Fgfl0expression is uniquely activated in the lateral plate mesoderm primordia of wing
membranes and at later stages in wing membrane connective tissue in the proximity of wing
muscles, indicating that FGF10 is likely to be involved in the development and evolution of
bat flight muscles (Tokita et al., 2012).

14.3| Environmental adaptation

14.4 |

145 |

Sheep have successfully adapted to extreme high-altitude regions of the Himalayas by
increasing lung function. Comparison of high- and low-altitude adapted sheep identified
variants in £gf7 gene regulatory regions that may account for increased Fgf7expression

in the high-altitude adapted sheep (Gorkhali et al., 2016). Cetaceans (whale, dolphin,
porpoise) have adapted their body structure and physiology to their aquatic environment.
Several changes in Fgfgenes may account for cetacean-specific phenotypes such as loss

of body hair, rigid flippers, ear and tooth development, and tolerance for hypoxia. Loss

of a functional Fgf22may account for hair loss. A variant in Fgf9 may affect FGF9
homodimerization and contribute to the acquisition of rigid flippers. Increased expression of
Fgf23in the cetacean liver under hypoxic conditions and may contribute to reduced bone
density which is a critical component of the cetacean buoyancy control mechanism (Nam et
al., 2017). Mammalian dental morphology is under strong evolutionary pressure controlled
by the available diet. Changes in evolutionarily conserved regions that function as enhancers
in Fgf9and Fgfi0were shown to control dental morphology (molar cusp shape and crown
height) in rodents (Tapaltsyan et al., 2016).

Mechanical regulation of morphogenesis

A relationship between FGF signaling and species-specific jaw architecture may involve
regulation of gene expression by mechanical forces. In the duck jaw, but not in chicken or
quail, mechanical load was shown to regulate secondary cartilage at the tendon insertion
of the adductor muscle through the differential regulation of FGF and TGFp signaling
(Woronowicz et al., 2018).

Sex determination

Fgf9is a testis determining gene expressed by somatic cells in the seminiferous tubules
(Capel, 2017; Colvin et al., 2001). In embryonic gonadal somatic cells, FGF9 signaling to
FGFR2 is required to maintain SOX9 expression which is required for Sertoli cell fate. Mice
with a hypomorphic mutation in Fgfr2 (hobbyhorse) or knockout of the 2c splice variant

for FGFR2 have complete XY sex reversal (Bagheri-Fam et al., 2017; Siggers et al., 2014).
Gene expression studies showed that FGFR2c functions to repress both the WNT4- and
FOXL2-driven ovarian-determining pathways (Bagheri-Fam et al., 2017). Overexpression of
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FGF9 in vivo (lentivirus-mediated) resulted in arrested spermatogenesis and accumulation
of undifferentiated spermatogonia. Functionally, FGF9 regulated spermatogonial stem cell
proliferation through p38 MAPK phosphorylation and upregulation of £tv5and Bcl6b (Yang
etal., 2021).

In zebrafish, Fgf24 signaling is required for the early growth phase of the bipotential gonad
where it is required for proliferation, differentiation, and morphogenesis of the somatic
tissues that are in direct contact with germ cells. The role of zebrafish Fgf24 is functionally
similar to mammalian FGF9 in early gonad development (Leerberg et al., 2017).

In moles, males have normal testes, but genotypic females develop ovotestes instead of
ovaries. Genomic analysis identified an intrachromosomal inversion involving FGF9gene
regulatory elements that are specific to moles and not present in other mammals. In mole
gonads, FGF9 expression is maintained after sex determination in both sexes and becomes
restricted to the ovarian part of the ovotestes at later stages (Real et al., 2020).

15| FGF SIGNALING IN EPIDEMIOLOGY (MENDELIAN RANDOMIZATION)

The integration of genetic information into population-based epidemiological studies
presents translational opportunities. Mendelian randomization (MR) is a method to generate
more reliable evidence regarding interventions that should produce health benefits by using
genetic variants that are robustly associated with modifiable factors that potentially influence
disease risk (Davey Smith & Hemani, 2014). Efficiently transforming genetic associations
into drug targets requires evidence that a particular gene and its protein contribute causally
to a disease.

Recently, MR studies identified FGF5, FGF21, and FGF23 as likely to have a causal role
in human disease pathogenesis. MR analysis of 154 quantitative trait loci and 846 traits
identified 38 proteins that significantly predicted variation in traits and diseases. Further
analysis identified FGF5 and other factors as likely to have a causal role in cardiovascular
disease (Bretherick et al., 2020).

MR analysis of a common variant in FGF21 demonstrated an association with lower
intakes of total sugars and alcohol, higher intakes of protein and fat, as well as favorable
lipid levels, blood pressure traits, waist-to-hip ratio, systemic inflammation, cardiovascular
outcomes, Alzheimer’s disease risk, and lifespan. These findings anticipate the effects of
pharmacologically increasing FGF21 signaling (Larsson & Gill, 2021).

Several MR studies have focused on FGF23. Two studies looked at serum FGF23 levels
and bone mineral density and identified a causal relationship between FGF23 and heel and
femoral neck bone mineral density in adults (Y. Wang, Wang, & Chen, 2020; Yokomoto-
Umakoshi et al., 2021). FGF23 also regulates cardiovascular functions. No association was
found between FGF23 and cardiometabolic traits or ischemic stroke; however, there was a
significant causal association between genetically predicted FGF23 levels and the risk of
large-artery atherosclerotic stroke (Yokomoto-Umakoshi et al., 2021; Zheng et al., 2020).
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16| CONCLUSIONS

The FGF family consists of secreted canonical ligands, endocrine ligands, and intracellular
proteins. Four of the five dedicated FGFRs activate intracellular tyrosine kinase domains
that regulate multiple signaling pathways in cell and tissue-specific patterns. FGFs and
FGFRs also regulate cellular functions independent of RTK activity through actions in the
nucleus and regulation of other intracellular signaling pathways. During the last 6 years, the
repertoire of factors that interact with and regulate both ligands and receptors has grown
substantially. The functions of FGFs and FGFRs encompass many aspects of biology from
the earliest stages of embryonic development to roles in regulating tissue homeostasis,
tissue regeneration, and an increasing importance in cancer biology. Biotechnology and
pharmaceutical efforts have focused on the manipulation of the FGF signaling pathway for
promoting cell and tissue growth and differentiation for uses in regenerative medicine. Many
FGFR selective tyrosine kinase inhibitors have been developed for use in treating genetic
diseases caused by activating mutations in FGFRs and in cancers that acquire activating
mutations in FGFRs or increased expression of FGF ligands.

Future directions will continue to explore the biological functions of FGFs and FGFRs, as
well as to develop more specific agonists and antagonists that can be tailored to treat disease
with minimal off-target activities.
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FIGURE 1.

The FGF and FGFR family. (a) Phylogenetic analysis shows the organization of the 22 Fgf
genes into seven subfamilies. Branch lengths represent the evolutionary distance between
each gene. Canonical FGFs include the Fgfi, Fgf4, Fgf7, Fgf8, and Fgr9 subfamilies that
interact with the cofactor heparin/heparan sulfate (HS) for binding and activation of different
splice variants (b and c) of the four FGFRs. The Fgf15/19 subfamily members encode
endocrine FGFs (eFGFs), which use aKlotho (KL) or pKlotho (KLB) as the primary
cofactors for binding and activation of FGFRs. FGF15/19 can also interact with Lactase-
like Klotho (LCTL) also called Klotho-LPH related protein (KLPH) or yKlotho. eFGFs
have lower affinity for HS but still required HS for optimal receptor binding. The Fgfi1
subfamily genes encode intracellular FGFs (iFGFs), which are thought to be non-signaling
proteins serving as regulators of voltage-gated sodium (Nav) channels and other molecules.
Recent data open the possibility that iFGFs can activate FGFRs under certain conditions.
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(b) Diagram showing FGFR domain structures. The FGFR extracellular domain includes
three immunoglobulin-like domains (1, I1, and 111) linked with disulfide (S-S) bonds and

an acidic region (A), a transmembrane domain (TM), and two intracellular tyrosine kinase
domains (TK1 and TK2). SP indicates a cleavable secreted signal sequence. Of the four Fgfr
genes, Fgfri-Fgfr3 generate two major splice variants in immunoglobulin-like domain 111,
referred to as 111b and Ilic, which are essential determinants of ligand-binding specificity. (c)
Schematic showing the relative orientation of an active signaling complex with a canonical
FGF ligand, HS, and an FGFR forming a 2:2:2 dimer. (d) Diagram of FGFRL1/FGFR5
protein structure. FGFRL1 has a similar extracellular domain structural to other FGFRs
with three extracellular immunoglobulin-like domains (1, 11, and I11) and a transmembrane
domain (TM). Unlike other FGFRs, FGFRL1 has a short intracellular tail with no tyrosine
kinase domain. SP indicates a cleavable secreted signal sequence
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FGF secretion, dimerization, and receptor shedding regulate the availability and activity

of FGFs. (a) Unconventional secretion of FGF2 (adapted from Zacherl et al., 2015).
ATP1A1, the al-chain of Na/K-ATPase, interacts with FGF2 and recruits it to the

inner plasma membrane, and promotes oligomerization. FGF2 oligomerization requires
phosphatidylinositol 4,5-bisphosphate and FGF2 surface cysteines. Phosphorylation of
FGF2 by Tec Kinase further promotes membrane insertion of FGF2 oligomers to form

a membrane pore. FGF2, which is released into the extracellular space is bound and

sequestered by cell surface HSPGs. (b) Dimerization of the FGF9 subfamily increases
affinity for HS and prevents receptor binding by blocking the receptor-binding interface
(blue). Mutations in FGF9 prevent homodimerization, decrease affinity for HS, and increase
ligand diffusion. Only FGF9 monomers are able to interact with FGFRs. (c) Proteolytic
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cleavage of FGFRs by ADAM proteases 10 and 17 can release a soluble extracellular
domain of the receptor that has the ability to bind and sequester FGF ligands
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FIGURE 3.
Cell surface and extracellular molecules that interact with FGF ligands and receptors.

FGFR showing immunoglobulin-like domains I, 11, and 111 and intracellular tyrosine kinase
domains, TK1 and TK2. FGF ligands bind to the heparan sulfate (HS) chains that decorate
heparan sulfate proteoglycans (HSPGs). FGF ligands also bind to long pentraxin 3 (PTX3),
FGF binding proteins (FGFBP), and latent TGFB binding protein 2 (LTBP2). FGFR-FGF
interactions are stabilized by HS, a, B, and y Klotho, Anosmin 1 (ANOS1), and fibronectin
leucine-rich transmembrane proteins (FLRTs). ANOS1 can form a complex with FGFR

and L1 cell adhesion molecule (LLCAM). Cell adhesion molecules, including neural cell
adhesion molecule (NCAM) and N-cadherin (CDH2) can activate low-level FGFR signaling
independent of FGF ligands. Inorganic phosphate (Pi) can directly activate FGFR signaling
independent of FGF ligands. FGF receptor-like 1 (FGFRL1) lacks an intracellular tyrosine
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kinase domain and is involved in cell adhesion and may act as a decoy receptor through
binding FGF ligands. Relative strength of signaling is indicated below each receptor
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